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ABSTRACT

INNER SOURCE AND INTERSTELLAR PICKUP IONS: PRODUCTION AND
TRANSPORT IN THE INNER HELIOSPHERE
by
Philip Quinn
University of New Hampshire, September, 2018

Two groups of pickup ions (PUIs) exist based on their origin: interstellar and inner source.
Interstellar PUIs originate as neutral atoms from the local interstellar medium (LISM) that
penetrate the heliosphere, become ionized, then are picked up by the solar wind. Observations of interstellar PUIs are used to derive the inflow longitude of interstellar gas. This is
done by observing the peak longitude of the focusing cone – a region of increased density
due to the hyperbolic trajectories of interstellar PUIs. However, observations of pickup He+
derive a longitude consistently higher than the longitude derived from interstellar neutral
atom observations. In our first study, we propose that this is due to PUI transport in interplanetary space. We do so using the Energetic Particle Radiation Environment Module
(EPREM) which is capable of modeling the production and transport of ions anywhere in
the heliosphere. Results indicate that the difference in observations is indeed due to the
transport of PUIs.
Inner source PUIs are currently not well understood, but are suggested to be produced
by the interaction between solar wind ions and interplanetary dust particles (IDPs). In our

xvii

second study, we compare production mechanisms based on the interaction of solar wind ions
and chondritic porous (CP) IDPs. We do so by using the Stopping Range of Ions in Matter
(SRIM) and EPREM to simulate the production and transport of inner source C+ and O+
produced by five mechanisms: solar wind recycling, neutralization, backscattering, sputtering, and sputtering-induced recycling (SIR). This is the first study to consider backscattering
and SIR. We compare the velocity distribution function (VDF) and C+ /O+ abundance ratio
to observations from the Charge-Time-Of-Flight instrument (CTOF) on-board the SOlar
and Heliospheric Observatory (SOHO). Obersvations of the inner source PUI C+ and O+
reveal a new constraint: a broad VDF at 1 AU with possible cutoff near twice the solar wind
speed – suggesting that inner source PUIs are injected locally into the solar wind at near
zero speeds. In light of this constraint and our model-data comparison, backscattering and
SIR satisfy the most production constraints. However, based on the observed intensity of the
inner source, it appears that sputtering and SIR are the dominant production mechanisms
at or near 1 AU.
The amount of inner source PUIs produced and their velocity distribution depend on the
composition, density, porosity, and size of the IDPs. In our third study, we expand upon
the previous study by considering chondritic smooth (CS) IDPs to get a more complete
description of inner source PUI production. We simulate the production and transport of
C+ and O+ PUIs using SRIM and EPREM. We consider five production mechanisms: solar
wind recycling, neutralization, backscattering, sputtering, and SIR. Comparisons are made
to SOHO/CTOF. Results indicate that sputtering is the dominant mechanism. This results
in an inner source PUI composition that resembles the dust grains (i.e., rich in C, Mg,
Si), rather than the solar wind (i.e., rich in H, He, and O). However, observations show
that the inner source composition resembles that of the solar wind. In order to resolve
this contradiction, we discuss the possibility that the IDP population close to the sun is
dominated by CP IDPs rather than CS IDPs.

xviii

CHAPTER 1
The Heliosphere

1.1

The Solar Wind

The solar wind is a continuous, supersonic stream of particles originating from the sun. It is
composed of an approximately equal amount of ions and electrons. Amongst the ions, about
95% are H+ , a small amount is He2 +, and a trace amount is heavier ions.
The solar wind is classified into two types: the slow and fast solar wind. The fast
solar wind typically dominates during the decline and minimum of the solar cycle. It emanates from low density regions of the corona where the sun’s magnetic field lines are open.
These regions are known as coronal holes. The fast solar wind has typical speeds up about
700 km s−1 , density of approximately 2 cm−3 , and temperature of approximately 2.5 × 105 K
(Ebert et al., 2009). The slow solar wind is typical during the incline and maximum of
the solar cycle. During this time, there are fewer coronal holes and therefore less fast solar
wind. The slow solar wind has a typical speed of about 400 km s−1 , density of approximately
6 cm−3 , and temperature of approximately 105 K (Ebert et al., 2009).

1.2

The Interplanetary Magnetic Field

The sun’s magnetic field is not confined to a region close to the sun. Instead it is “frozen” into
the solar wind – meaning the sun’s magnetic field is carried out into interplanetary space.
This frozen-in condition is derived in Appendix A.1. Since the sun’s magnetic field extends
to interplanetary space, it is commonly called the interplanetary magnetic field (IMF).
The rotation of the sun shifts the footpoints of the radially flowing mass of the solar
1

wind. The combination of this radial flow and solar rotation creates an Archimedian spiral
(sometimes called the Parker spiral). Figure 1.1 shows an illustration of the Parker spiral.
The dashed line represents the orbit of Earth around the sun. At 1 AU, the IMF has
an average angle of approxmately 45 degrees. This is an ideal configuration. In reality,
the footpoints at the sun move on the surface as a random walk. Additionally, there are
variations in the solar wind speed and turbulence. These features deviate the IMF from
being a perfect Parker spiral.

Figure 1.1: Illustration of the Parker spiral. The solid lines represent the IMF, and the dash
line represent Earth’s orbit. Figure adopted from Piel (2010).

1.3

The Heliospheric Boundary

As the flow of the solar wind plasma goes from supersonic to subsonic, a shock is formed.
In this case, the shock is called the “termination shock”. Figure 1.2 shows a slice of the
2

heliosphere to demonstrate the termination shock as well as the other boundaries between
our solar system and interstellar space. After the termination shock is a region called the
heliosheath where ions in the solar wind slow down even further, becoming denser and
hotter. Beyond the heliosheath is the heliopause where the pressure from the solar wind and
interstellar wind is balanced. A bow shock may be present if the interstellar wind changes
from supersonic to subsonic, but it is uncertain if this occurs.

Figure 1.2: Diagram of the heliosphere.
The interstellar wind is composed of gas in the LISM. If neutral, the gas enters the
heliosphere due to the relative motion of the sun and local standard of rest – the rotating
reference frame in our galaxy such that the mean motion of nearby stars is zero. Any charged
particles in the LISM are deflected due to the magnetic field. The interstellar magnetic field
drapes around the heliosphere.
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CHAPTER 2
Interstellar Pickup Ions

2.1

Introduction

Interstellar pickup ions (PUIs) are produced from the ionization of neutral atoms that enter the heliosphere from the LISM. Ionization processes include photoionization with solar
photons, charge exchange with solar wind protons, and electron impact with solar wind
electrons. Once ionized, they get picked up by the IMF due to the Lorentz force and are
convected out with the solar wind. Interstellar PUIs were first predicted by Fahr (1968). It
wasn’t until Möbius et al. (1985) that the first observations of interstellar He+ were made.

2.2

Spatial Distribution

Neutral gas from the local interstellar cloud (LIC) penetrates the heliosphere and follows
hyperbolic trajectories due to solar gravitation. For species with low ionization rates such as
helium, the neutral atoms form a region of increased density on the downwind side of the sun
known as the focusing cone (Fahr, 1968, 1971; Blum and Fahr, 1970; Thomas, 1978). Species
with high ionization rates such as oxygen have a high chance of ionizing before reaching the
downwind side of the sun. Instead, these species make a crescent shape of increased density
on the upwind side of the sun (Drews et al., 2016). The structure of the focusing cone
and crescent (i.e., peak longitude, maximum density, longitudinal width) depends on the
parameters of the interstellar atoms (i.e., density, temperature, velocity, inflow direction)
and the rates of photoionization, electron impact, and charge exchange (Feldman et al.,
1972; Blum et al., 1975; Meier, 1977; Thomas, 1978; Wu and Judge, 1979; Sokól et al.,
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2016).
The neutral atoms become singly charged and are immediately picked up by the IMF
and convected outward with the solar wind – observed as pickup ions (Möbius et al., 1985)
– leading to a pickup cone in addition to a neutral helium cone. The structure of the pickup
focusing cone differs from the neutral focusing cone due to PUI transport.

2.3

PUI Injection

PUIs are injected into the solar wind as a Gaussian function in velocity space where the magnitude is proportional to the production rate per unit volume S(r, θ, φ) = β(r, θ, φ)n(r, θ, φ).
Here, r is the radial distance from the sun, θ is the polar angle, φ is the azimuthal angle,
β is the ionization rate in units of s−1 , and n is the density of interstellar neutral atoms in
units of cm−3 . The width of the injected distribution is due to the thermal spreading of the
interstellar gas along the trajectory. The peak of the injected distribution is ideally centered
on the average velocity of the distributiion relative to the solar wind.

Figure 2.1: Diagram of the cyclotron motion made by PUIs as they are convected out with
the solar wind. The blue arrows represent the solar wind velocity, the green arrows are
the PUI (circular) trajectories in the solar wind frame, and the purple arrows are the PUI
(cyclotron) trajectories in the inertial frame. The velocity of the PUI ranges from zero to
twice the solar wind speed – assuming the PUI starts with zero speed in the inertial frame.
After ionization and injection into the solar wind, PUIs will gyrate around the IMF as
they are convected out with the solar wind. Figure 2.1 shows a diagram of this cyclotron
motion. In the inertial frame, the velocity of PUIs range from approximately zero to twice
5

the solar wind speed if the injection speed is zero in the inertial frame. This range is
indicated by a cutoff in the PUI VDF. An example of this cutoff is shown in Figure 2.2 from
Gloeckler et al. (1995). A cutoff observed at twice the solar wind speed is typical, but can
vary depending on the initial speed of the neutral atoms relative to the solar wind speed. In
the upwind direction, due to this relative speed, the cutoff will be slightly above w = 2. In
the downwind direction, the cutoff will be slightly below w = 2.

Figure 2.2: Example of observations showing the PUI cutoff in the VDF at twice the solar
wind speed. This example is for pickup hydrogen observations made with Ulysses/SWICS.
Figure adopted from Gloeckler et al. (1995).
PUIs are not only injected at a specific velocity, but they are also injected at a certain
angle with respect to the IMF. This angle between the PUI velocity and IMF angle is called
the pitch-angle. The injection pitch-angle depends on the location in the heliosphere. Close
to the sun, the IMF angle is near radial. PUIs will therefore be injected into the solar
wind with pitch-angles near −180 degrees. At 1 AU, the IMF angle is approximately 45◦ on
average. The injection pitch-angle will then also be 45 degrees. Far from the sun when the
IMF angle is nearly entirely azimuthal, the injection pitch-angle will be close to 90 degrees.
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Due to the injection pitch-angle and gyration of the PUIs about the IMF, the 2-dimensional
PUI VDF has a toroidal shape – often called a ring-beam distribution. Drews et al. (2015)
observed the ring-beam for He+ PUIs using the Plasma and Suprathermal Ion Composition
(PLASTIC) (Galvin et al., 2008) onboard the Solar and Terrestrial Relations Observatory
Ahead (STEREO A). These observations are shown in Figure 2.3. For IMF angles near 90
degrees, an increased count rate was observed within the acceptance energy and angles of
the PLASTIC instrument. For IMF angles near 0 degrees, no such increased count rate was
observed. This is clear evidence that PUIs are being injected locally in the solar wind.

2.4

PUI Transport

Over time, the toroidal shape of the 2-dimensional VDF will be lost due to pitch-angle
scattering and other transport effects. Pitch-angle scattering occurs due to the interaction
between the fluctuations in the IMF (e.g. Alfén waves) and the PUI distribution. Scattering can be described as a diffusive approximation due to the random nature of the IMF
fluctuations. The ring-beam distribution therefore spreads in pitch-angle space.
Adiabatic focusing is a transport effect that arised from the conservation of the adiabatic
moment, the conservation of energy, and the weakening of the IMF with distance from the
sun. The magnetic moment can be written as
2
mv⊥
µ=
2B

(2.1)

where m is the mass of the PUI, v⊥ is the velocity of the PUI perpendicular to the IMF, and
B is the IMF strength. As the IMF weakens, the perpendicular velocity must decrease to
conserve the magnetic moment. Since energy is also conserved, the perpendicular velocity is
transformed into parallel velocity. PUIs therefore, on average, become more field-aligned as
they travel farther from the sun.
The solar wind fills a larger volume as it expands into the heliosphere. The PUI distri-
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bution will thus cool adiabatically in the expanding solar wind according to

v=u

r
r0

−γ
.

(2.2)

Here, the PUIs were injected into the solar wind at a distance from the sun, r, at a speed
equal to the solar wind speed, u, in the solar wind frame. The location of observation is r0
where the PUIs will have cooled to a velocity, v. The cooling index, γ, is 1.5 for an ideal
gas, but observations have shown values such as 1.35 ± 0.2 (Saul et al., 2009).
Other transport effects exist such as spatial diffusion parallel to the IMF. Although this
does not affect the general shape of the PUI VDF, spatial diffusion perpendicular to the
IMF and particle drift also play a role. However these effects are typically negligible due to
the energy of PUIs being small.

2.5

Interstellar Neutral and PUI Observations

Observations of interstellar neutral atoms and PUIs have been used to determine the inflow
direction of the interstellar wind. Observations of the interstellar neutral helium trajectories
by the Interstellar Boundary EXplorer (IBEX) (McComas et al., 2009) determined the inflow
longitude of the interstellar wind to be 74.5◦ ± 1.7◦ (Leonard et al., 2015), ∼75.7◦ (McComas
et al., 2015), 75.8◦ ±0.5◦ (Bzowski et al., 2015), and 75.6◦ ±1.4◦ (Schwadron et al., 2015). Recent studies using the Ulysses/GAS instrument made observations of the interstellar helium
distribution by detecting the sputtered ions from a lithium fluoride coated surface finding
the inflow direction to be 75.3◦ +1.2◦ (−1.1◦ ) (Bzowski et al., 2014) and 75.54◦ ±0.19◦ (Wood
et al., 2015).
Observations of the pickup helium focusing cone using STEREO/PLASTIC measured
the peak density and determined the inflow longitude to be 77.4◦ ± 1.9◦ (Drews et al.,
2012). In addition, Gershman et al. (2013) measured the peak density of the pickup helium
focusing cone using the Fast Imaging Plasma Spectrometer (FIPS) (Andrews et al., 2007)
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instrument onboard the MErcury, Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft and the Solar Wind Ion Composition Spectrometer (SWICS)
(Gloeckler et al., 1998) instrument onboard the Advanced Composition Explorer (ACE)
spacecraft and determined inflow longitudes of 76.0◦ ± 6.0◦ and 77.0◦ ± 1.5◦ , respectively.
Möbius et al. (2015) observed the cutoff of the PUI VDF as a method of determining
the inflow longitude of the interstellar wind. Based on the location of the observations (i.e.
upwind, downwind, or flanks), the PUI cutoff shifts to higher or lower velocities due to the
relative motion of the interstellar neutrals and PUIs.
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Figure 2.3: Observations of the He+ ring-beam distribution using STEREO/PLASTIC. The
top two rows show are for nearly perpendicular IMF angles where the ring-beam falls into
the field of view of STEREO/PLASTIC. The bottom row is for nearly parallel IMF angles.
No ring-beam distribution was observed at such IMF angles. Figure adopted from Drews
et al. (2015).
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CHAPTER 3
EPREM

3.1

Introduction

The Energetic Radiation Environment Module (EPREM) (Schwadron et al., 2010) is a kinetic
code that simulates particle production and transport anywhere in the heliosphere. EPREM
uses a Lagrangian grid scheme where the nodes spawn on a rotating inner boundary. In most
cases, the inner boundary is the surface of the sun. For every time-step within EPREM, the
nodes are pushed outward from the sun at the solar wind speed. As the sun rotates, the
nodes naturally create the Parker spiral configuration. Figure 3.1 shows an example of the
grid of nodes in EPREM. Each red dot represents a node and each white line represents a
stream (a connected list of nodes).
Each node holds all of the energetic particle information including the species, mass,
charge, energy, velocity, location in the heliosphere, and distribution function for every
energy and pitch-angle bin. Each node also contains information on the solar wind including
the density, magnetic field vector, and velocity vector. A time history for all energetic particle
and solar wind information is kept.

3.2

Formalism

At each time-step, EPREM updates the energetic particle distribution function based on the
focused transport equation (Skilling, 1971; Ruffolo, 1995; Kóta et al., 2005)
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Figure 3.1: Example of the grid of nodes used in EPREM. The red dots represent nodes and
white lines represent a stream. Figure adopted from (Schwadron et al., 2010).
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(3.1)

Here, u is the solar wind velocity, v is the ion speed, µ is the pitch-angle cosine, B̂ is the
unit vector along the magnetic field B, f is the distribution function, n is the solar wind
density, p is the ion momentum, and f0 is the isotropic portion of the distribution function
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given by

1
f0 (t, x, v) =
2

Z

1

f (t, x, v, µ)dµ.

(3.2)

−1

The pitch-angle diffusion coefficient Dµµ is defined in Section 2.2. The final term involving
Dpp is that for stochastic acceleration and will be neglected in this study. EPREM has a
separate solver incorporating the effects of perpendicular diffusion and particle drift following
the convection-diffusion equation (Jokipii and Levy, 1977; Lee and Fisk, 1981)

∂f0
= ∇ · (κ⊥ · ∇f0 ) − vD · ∇f0
∂t

(3.3)

where κ⊥ is the perpendicular diffusion coefficient and

vD =

cpv
B
∇ × 2.
3q
B

(3.4)

The ratio of perpendicular diffusion to parallel diffusion coefficients is held constant in
EPREM at κ⊥ /κk = 0.01.
The parallel scattering mean free path is of the form (Li et al., 2003)


λk = λ0

p c
q 1GV

1/3 

r
1AU

2/3
.

(3.5)

Here, λ0 is the scattering mean free path defined at 1 AU, p/q is the particle rigidity –
the ratio of particle momentum to charge, c is the speed of light, and r is the heliocentric
distance to the ion distribution.
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3.3

Validation

In order to validate EPREM, a comparison is made to Vasyliunas and Siscoe (1976) which
derived an analytic form of the distribution function for interstellar pickup ions. The study
makes three assumptions: rapid pitch-angle scattering, no adiabatic cooling, and a consistent
production rate. The distribution function is given by


λ θ  u  32
3 nISM vISM  u  34 λ
exp −
f (v) =
.
8π
u4
v
r
r sin θ v

(3.6)

Here, nISM is the density of interstellar gas in the LISM, vISM is the bulk velocity of interstellar
gas in the LISM, u is the solar wind speed, r is the heliocentric distance, θ is the ecliptic
longitude, and λ is the characteristic length.
For this comparison, we consider interstellar helium. Typical values of the density is
0.015 cm−3 (Gloeckler, 1996), velocity is 25.4 km s−1 (Schwadron et al., 2015), and characteristic length is 0.7 AU. Chen et al. (2015) compared EPREM to Vasyliunas and Siscoe
(1976) for interstellar He+ in the upwind direction. Figure 3.2 shows this comparison in the
solar wind frame. As seen, the comparison is very good. The maximum at low PUI speeds
and cutoff at the solar wind speed compare well.
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Figure 3.2: Comparison between EPREM and the analytic form of the distibution function
for interstellar He+ derived from Vasyliunas and Siscoe (1976). Figure adopted from Chen
et al. (2015).

15

CHAPTER 4
Study 1 - Transport of Helium Pickup Ions within the Focusing Cone:
Reconciling STEREO Observations with IBEX

4.1

Introduction

Derivations of the inflow longitude of the interstellar wind from PUI observations appear to
show consistently small deviations in the same direction as compared with derivations from
IBEX observations. These observations were discussed in detail in Section 2.5. Figure 4.1
shows a diagram of the 1.8◦ ± 2.4◦ longitudinal difference between the observations focused
on in this study of Drews et al. (2012) and Schwadron et al. (2015). Although the derivations
lie within one standard deviation, we suspect that the consistent deviation toward higher
longitude based on PUI measurements may be due to transport effects. This is a concept
that was addressed but not factored into the derived peak longitudes in the PUI studies and
has recently been up for debate (Chalov, 2014; Lallement and Bertaux, 2014; Frisch et al.,
2015).
The purpose of this study is to use EPREM to determine if transport effects play a role
in shifting the peak longitude of the pickup helium focusing cone from the peak longitude
of the neutral helium focusing cone. EPREM is used to simulate the transport of helium
pickup ions within 1 AU and derive a parallel scattering mean free path that is consistent
with the 1.8◦ ± 2.4◦ longitudinal difference between the pickup ion observations of Drews
et al. (2012) and neutral observations of Schwadron et al. (2015). We quantify the degree
of anisotropy in the pickup VDF that accounts for shifting the focusing cone. Lastly, we
isolate transport effects within EPREM to find their individual contribution to shifting the
16
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Figure 4.1: A diagram of the neutral helium atoms of the interstellar wind (red trajectories)
becoming gravitationally focused on the downwind side of the Sun forming the neutral helium
focusing cone (green region). As Earth (purple orbit) passes through the downwind side,
STEREO/PLASTIC observes the pickup helium focusing cone (cyan region). Meanwhile,
IBEX observes part of the neutral helium velocity distribution from the neutral atoms that
reach 1 AU along their trajectories. The 1.8◦ ± 2.4◦ longitudinal difference of IBEX’s derived
inflow longitude and PLASTIC’s peak density observation is suggested to be due to the bulk
flow of the pickup ions (blue trajectories) along the interplanetary magnetic field (orange)
relative to the radial solar wind flow
focusing cone.

4.2

Hot Gas Model

In this study, we use the hot gas model (Fahr, 1971; Thomas, 1978; Wu and Judge, 1979) in
conjunction with EPREM to simulate the spatial distribution of interstellar neutral helium
gas throughout the heliosphere and the transport of helium pickup ions after photoionization,
respectively. We use the hot gas model instead of the cold gas model (Fahr, 1968; Blum and
Fahr, 1970; Axford, 1972) because it accounts for the thermal spreading of the neutral atoms
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along their entire trajectories whereas the cold gas model does not. The structure of the
neutral helium focusing cone depends on the density, temperature, and bulk velocity of
the interstellar helium gas. IBEX observations give the bulk velocity and temperature as
vb = 25.4 km s−1 and T0 = 8000 K, respectively (Schwadron et al., 2015). The density of
helium in the interstellar medium is n0 = 0.015 cm−3 (Gloeckler, 1996).
The solar conditions used in the simulation are those of Drews et al. (2012) and Gershman
et al. (2013) which are appropriate for the recent solar minimum of 2007-2009. We further
limit this time interval by beginning with March 2007 when PLASTIC began taking data.
We find the average solar wind speed observed by STEREO/PLASTIC during this time to
be u ≈ 403 km s−1 . The solar wind speed in EPREM is taken to be constant and radial.
The observed helium photoionization rate at 1 AU during the solar minimum was found to
be approximately constant at β = 5.0 × 10−8 s−1 (Gershman et al., 2013).
The spatial distribution of helium is numerically solved using the aforementioned conditions and is shown in Figure 4.2 for inside 1.1 AU. The interstellar wind flows from the
upwind direction (0◦ ) and becomes gravitationally focused creating the neutral helium focusing cone seen centered in the downwind direction (180◦ ). At the center is the sun with
an adjacent density cavity on the upwind side due to photoionization. The entire plot is
overlaid a Parker spiral to show the longitudinal resolution used in EPREM.

4.3

Parallel Scattering Mean Free Path Derivation

In this section, we derive a parallel scattering mean free path that is consistent with the
1.8◦ ± 2.4◦ longitudinal difference between IBEX observations (Schwadron et al., 2015) and
STEREO/PLASTIC observations (Drews et al., 2012).
We simulate the transport of helium pickup ions from their production by ionization
out to 1 AU using EPREM. All of the transport effects of the focusing transport equation
(Equation 3.1) and convection-diffusion equation (Equation 3.3) are included except for
stochastic acceleration. Solar activity conditions and interstellar helium parameters used
18

Figure 4.2: Spatial distribution of neutral helium atoms inside 1.1 AU calculated by the hot
gas model. The interstellar wind flows from 0◦ , becoming gravitationally focused behind the
Sun at 180◦ . Overlaid is the Parker spiral.
are those discussed in Section 4.2. We consider a parallel scattering mean free path ranging
from 0.1 AU to 1 AU – a range based on the level of Alfvénic wave power for solar minimum
conditions (Saul et al., 2007).
The simulation results in a solar wind frame distribution of helium pickup ions as a
function of time, position, velocity, and pitch-angle cosine. We consider the location of
STEREO/PLASTIC (∼0.97 AU) in the region of the pickup helium focusing cone after
equilibrium has been reached in the simulation. We compare to the observations of Drews
et al. (2012) where the Main Channel of the Solar Wind Sector (SWS) of PLASTIC is used
to detect helium pickup ions. STEREO orbits the sun with the SWS of PLASTIC facing
radially inward at all times. The SWS has 32 linearly spaced angular bins between ±22.5◦
in the ecliptic plane and 32 linearly spaced angular bins between ±20.0◦ out of the ecliptic
plane. There are 128 logarithmically spaced energy bins ranging from ∼0.3 keV/e to ∼80.0
keV/e. To determine the distribution of particles that fall into the angular and energy bins
19

of PLASTIC, we perform a coordinate transformation from the spacecraft reference frame
to the solar wind reference frame for each in-ecliptic angular bin α, out-of-ecliptic angular
bin β, and spacecraft frame velocity vsc (energy bin) using the equations

q
2
vSC
+ u2 − 2uvSC cos α cos β

1 
µ=
vSC cos ψ cos β cos α + vSC sin ψ cos β sin α − u cos ψ
vSW

vSW =

(4.1)
(4.2)

where u is the solar wind speed, vsw is the velocity in the solar wind frame, µ is the cosine
of the pitch-angle, and ψ is the angle between the radial direction and the magnetic field
vector. The corresponding solar wind frame distribution functions with velocities vsw and
pitch-angle cosines µ give the distributon of particles per angular and energy bin. We average
the distribution over all angular bins of PLASTIC and the energy range considered in Drews
et al. (2012) of 1.5 ≤ w ≤ 2.0 where w is the ratio of ion speed vsc to solar wind speed u.
The result of this transformation is the spacecraft frame phase space density of helium
pickup ions as a function of ecliptic longitude at 1 AU with limitations to the acceptance
angles and energies of PLASTIC. Shown in Figure 4.3 is the phase space density for parallel
scattering mean free paths ranging from 0.1 AU to 1 AU. It can be seen that a longer
parallel scattering mean free path, or less scattering, is associated with an increased amount
of pickup ion transport thus shifting the focusing cone toward longitudes later in earth’s
orbit. The distribution remains anisotropic as the pickup ions are convected outward with
the solar wind. The degree of anisotropy is quantified and discussed further in Section 4.4.
Each of the curves in Figure 4.3 is fit to a Gaussian function to find the longitude of the
peak. Figure 4.4 shows the longitudinal shift of each peak as a function of parallel scattering
mean free path. In red is the 1.8◦ ± 2.4◦ shift observed by STEREO/PLASTIC.
We fit the modeled shift to find the intersection between the modeled shift and observed shift. The intersection occurs at a parallel scattering mean free path of λk = 0.19
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Figure 4.3: Simulated phase space density of helium pickup ions in the reference frame of
STEREO/PLASTIC with limitations by the instrument’s acceptance angles and energies for
the energy range of 1.5 ≤ w ≤ 2.0. The longitudinal shift for parallel scattering mean free
paths of 0.1 AU to 1 AU are shown.
AU+0.29(−0.19) AU. The error is truncated due to a negative mean free path being unphysical. This parallel scattering mean free path corresponds to a rigidity of 5 − 10 MeV for
helium pickup ions ranging from the solar wind speed to twice the solar wind speed due to
gyration about the local magnetic field. The mean free path and particle rigidity is roughly
in agreement with the λk = 0.08 − 0.3 AU mean free path range and R = 0.5 − 5000 MeV
rigidity range of the Palmer consensus (Palmer, 1982; Bieber et al., 1994). It is also in
agreement with the mean free path range of λk = 0.16 − 0.76 AU based on helium pickup
observations using the AMPTE/SULEICA instrument (Möbius et al., 1998). Furthermore,
by using Equation 3.5, we calculate the parallel scattering mean free path at 0.3 AU to be
∼0.09 AU. This is in good agreement with the short mean free path of ∼0.1 AU derived from
MESSENGER/FIPS observations of helium pickup ions during the recent solar minimum
(Gershman et al., 2014).
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Figure 4.4: Modeled longitudinal shift of the pickup helium focusing cone (green line) as a
function of parallel scattering mean free path. At 1.8◦ (red line) is the difference between
neutral atom and pickup ion observations with 2.4◦ error (red region).
4.4

Anisotropy of the Velocity Distribution Function

In this section, we quantify the degree of anisotropy in the velocity distribution function of
helium pickup ions in the region of the focusing cone inside 1 AU.
The shift of the pickup focusing cone depends on the parallel scattering mean free path.
For a short mean free path, the ions scatter often and become isotropic fairly quickly. However, for a long mean free path, the distribution stays mainly anisotropic during its transport
out to 1 AU. This was apparent in Figure 4.3. To quantify the degree of anisotropy for the
mean free path derived Section 4.3, we calculate the average azimuthal velocity of the pickup
R
ions. To derive such an expression, we begin with the number density n = f (v)d3 v for a
pickup ion distribution at a given position and time. However, f (v) is the isotropic portion
of the distribution function (i.e., independent of pitch-angle). To express the isotropic por-
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tion of the distribution function as Equation 3.2, we need to write the number density in
spherical velocity space as

Z
n = 2π

 Z 1

1
v
f (v, µ)dµ dv
2 −1
2

(4.3)

where v 2 is the integration factor in spherical coordinates, the 2π comes from the assumption
of a gyrotropic distribution, and the term within the square brackets is the isotropic portion
of the distribution function. The average velocity of the pickup ions parallel to the magnetic
field can be found using the first order velocity moment. Using the expression for the
parallel velocity vk = vµB̂, the first order velocity moment in spherical velocity space similar
to Equation 4.3 is

2π
v̄k =

R

v

3

h R
1 1
2

−1

i

µf (v, µ)dµ dv
n

B̂.

(4.4)

Inserting the number density (Equation 4.3) and normalizing to the solar wind speed u, we
get

R R1 3
v µf (v, µ)dµdv
1
w̄k = R R−11
B̂.
u
v 2 f (v, µ)dµdv

(4.5)

−1

The integrals are converted to summations over EPREM’s logarithmically spaced velocity
bins ∆vi and linearly spaced pitch-angle bins ∆µj as

P
1 ij vi4 µj fij (v, µ)∆µj ln (∆vi )
P 3
w̄k =
B̂.
u
ij vi fij (v, µ)∆µj ln (∆vi )
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(4.6)

Expressed in this manner, the bin widths cancel, leaving the relation for the normalized
average parallel velocity

P
1 ij vi4 µj fij (v, µ)
P 3
w̄k =
B̂.
u
ij vi fij (v, µ)

(4.7)

By factoring in the angle between the radial direction and interplanetary magnetic field ψ,
we find an expression for the normalized average azimuthal velocity as

P
1 ij vi4 µj fij (v, µ)
P 3
sin ψ φ̂.
w̄k =
u
ij vi fij (v, µ)

(4.8)

This “normalized average azimuthal velocity” indicates the degree of anisotropy where
values approaching 1 or −1 indicate a highly anisotropic distribution and values approaching 0 indicate an isotropic distribution. The normalized average azimuthal velocity is also
directly related to the longitudinal shift of the focusing cone.
Figure 4.5 shows the normalized average azimuthal velocity as a function of heliocentric radius for particles in the downwind direction with normalized parallel velocities wk =
(vµB̂)/u of wk ≥ 0.5 and wk < 0.5 in the solar wind frame. Particles with wk ≥ 0.5 are
a good approximation for the ring-beam distribution – the distribution of particles that
are freshly injected into the solar wind. This is also the energy range considered in Drews
et al. (2012). Particles with wk < 0.5 are a good approximation for the adiabatically cooled
distribution – the distribution of ions that are injected near the sun and cooled with the
expanding solar wind.
We can see in Figure 4.5 that the ring-beam distribution is the prominent source of
anisotropy from very close to the sun and out to 1 AU, whereas the adiabatically cooled
distribution is nearly isotropic. The normalized average azimuthal velocity of ∼0.08 and
below is roughly 0 − 32 km s−1 for the ∼403 km s−1 average solar wind speed of the recent
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Figure 4.5: Normalized average azimuthal velocity as a function of heliocentric radius in the
solar wind reference frame.
solar minimum. Although this velocity is small compared to the solar wind speed, it is still
large enough to shift the pickup focusing cone by 1.8◦ by the time 1 AU is reached.

4.5

Impact of Individual Transport Effects on Shifting the Focusing Cone

In this section, we determine the contribution of pitch-angle scattering, adiabatic focusing,
perpendicular diffusion, and particle drift to shifting the pickup helium focusing cone for the
parallel scattering mean free path derived in Section 4.3 of λk = 0.19 AU + 0.29(−0.19) AU.
EPREM models the transport of pickup ions according to the focused transport equation
(Equation 3.1) and the convection-diffusion equation (Equation 3.3). These two equations
together include convection, streaming, adiabatic focusing, adiabatic cooling, pitch-angle
scattering, stochastic acceleration, perpendicular diffusion, and particle drift. EPREM allows
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to individually turn on or off each of these transport effects.
To gain insight into how each transport effect individually shifts the pickup helium focusing cone, we run EPREM with the solar wind conditions and interstellar helium parameters
discussed in Section 4.2 for the four cases summarized in Table 4.1. Convection, streaming,
and adiabatic cooling will be turned on for all cases. Stochastic acceleration is ignored.
Case
1
2
3
4

Transport Effect Included
Convection, streaming, cooling, scattering
Convection, streaming, cooling, scattering, focusing
Convection, streaming, cooling, scattering, focusing,
perpendicular diffusion
Convection, streaming, cooling, scattering, focusing,
perpendicular diffusion, particle drift

Table 4.1: Transport effects turned on in EPREM for Cases 1 through 4
Case 1 simulates pickup ion transport considering convection, streaming, adiabatic cooling, and pitch-angle scattering only. The remaining transport effects are turned off. Case 2
is the same as Case 1 but includes adiabatic focusing in addition to convection, streaming,
adiabatic cooling, and pitch-angle scattering. In Case 3, we include convection, streaming,
adiabatic cooling, pitch-angle scattering, adiabatic focusing, and perpendicular diffusion.
Lastly, Case 4 includes convection, streaming, adiabatic cooling, pitch-angle scattering, adiabatic focusing, perpendicular diffusion, and particle drift.
As in Section 4, we perform the same coordinate transformation while limiting the integration over the distribution function to the field of view of the PLASTIC instrument.
We again average over the energy range considered in Drews et al. (2012) of 1.5 ≤ w ≤ 2.0
where w is the ratio of the ion speed to solar wind speed. The resulting phase space density
as a function of ecliptic longitude for each of the four cases is shown in Figure 4.6. We fit
each curve to a Gaussian function to find the longitude of the peak. The contribution of
each transport effect is the difference of the peak longitude with respect to the previous case
(summarized in Table 4.2). For Case 1, this is simply the difference from the peak longitude
of the neutral helium focusing cone.
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Case
1
2
3
4

Transport Effect
Pitch-angle Scattering
Adiabatic Focusing
Perpendicular Diffusion
Particle Drift

Longitudinal Shift
0.36
1.61
1.80
1.80

Shift per Transport Effect
0.36
1.25
0.19
< 0.01

Table 4.2: Longitudinal Shift of the Focusing Cone Peak in the Frame of STEREO/PLASTIC
due to Each Transport Effect
It can be seen in Figure 4.6 that pitch-angle scattering (Case 1) results in shifting the
pickup helium focusing cone by a small amount (∼0.36◦ ). Viewing the effects of pitch-angle
scattering is highly dependent on the acceptance angles of the instrument detecting the
pickup ions. If the acceptance angles are limited, as is the case for PLASTIC, then the
ring-beam distribution may not fall into the field of view of the instrument. Since EPREM
assumes an ideal Parker spiral configuration, this is indeed the case. In reality, the angle
of the magnetic field at 1 AU fluctuates about the average, thus allowing the ring-beam
distribution to be observed (e.g., Drews et al. (2015)). Since the ring-beam is the largest
contributor to the anisotropy as discussed in Section 4.4, the degree of shift caused by pitchangle scattering may deviate from this value.
Adiabatic focusing (Case 2) causes the pickup helium focusing cone to shift the most
(∼1.25◦ ) compared to the other transport effects. Adiabatic focusing increases the parallel
velocity of the ions as the interplanetary magnetic field strength decreases with radius. This
causes a larger velocity anisotropy and increases the amount of streaming along the magnetic
field.
As compared to adiabatic focusing, perpendicular diffusion (Case 3) results in shifting
the cone by a small amount (∼0.19◦ ). This is due to the ratio of the perpendicular diffusion
coefficient to parallel diffusion coefficient being small – specifically κ⊥ /κk = 0.01 in EPREM.
The direction of particle drift (Case 4) is predominantly out of the ecliptic plane resulting
in little shift of the pickup focusing cone (< 0.01◦ ). This is true for an ideal Parker spiral
configuration such as the one used in this study. A realistic magnetic field configuration,
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Figure 4.6: Phase space density as a function of longitudinal shift for Cases 1 through 4
shown in the reference frame of STEREO/PLASTIC, limited to the field of view of the
instrument, and for the energy range of 1.5 ≤ w ≤ 2.0.
however, fluctuates about the average. This effect may enhance the contribution of drift to
the shift of the focusing cone. However, the contribution is likely to remain quite small.

4.6

Conclusion and Summary

By using the EPREM model to simulate the transport of helium pickup ions in the region
of the focusing cone, we found a parallel scattering mean free path of λk = 0.19 AU +
0.29(−0.19) AU consistent with the 1.8◦ ± 2.4◦ longitudinal difference between recent observations by STEREO/PLASTIC (Drews et al., 2012) and IBEX (Schwadron et al., 2015).
This mean free path is roughly in agreement with the λk = 0.08−0.3 AU range of the Palmer
consensus (Palmer, 1982; Bieber et al., 1994), the λk = 0.16 − 0.76 AU range derived from
helium pickup observations using AMPTE/SULEICA (Möbius et al., 1998), and the ∼0.1
AU mean free path derived at 0.3 AU using MESSENGER/FIPS (Gershman et al., 2014).
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We calculated the “normalized average azimuthal velocity” to quantify the degree of
anisotropy of the helium pickup ion distribution for the 0.19 AU mean free path. We found
that the ring-beam distribution dominates the adiabatically cooled distribution from very
close to the sun out to 1 AU. The normalized average azimuthal velocity reaches ∼8% of the
solar wind speed. Although this is small, the distribution is anisotropic enough to shift the
pickup focusing cone by 1.8◦ by the time 1 AU is reached.
We modeled pickup ion transport using EPREM for cases that isolated pitch-angle scattering, adiabatic focusing, perpendicular diffusion, and particle drift. Each transport effect
contributes to shifting the pickup helium focusing cone for the 0.19 AU parallel scattering
mean free path by 20.00%, 69.43%, 10.56%, and < 0.01%.
We have shown with the EPREM model that the transport of pickup ions does indeed
shift the peak longitude of the pickup focusing cone relative to the progenitor neutral focusing
cone. This shift toward increased longitude depends sensitively on the scattering of pickup
ions. Increased rates of scattering cause a reduction of the longitudinal shift. This is an
important prediction for future observational studies. Specifically, intervals of increased
scattering (e.g., with stronger field regions) should show a smaller difference between the
peak longitude of the pickup focusing cone and that of the neutral focusing cone. Thus, this
study shows how an understanding of transport effects in pickup ions may be used to hone
in on the interstellar inflow longitude of interstellar neutral atoms.

29

CHAPTER 5
Interplanetary Dust Particles

5.1

Introduction

Similar to interstellar PUIs, high mass-to-charge dust grains from the LISM enter the heliosphere unaffected by the IMF. These grains originally formed in the circumstellar outflows
of other stars and take part in the formation of new solar systems. Additional sources of
dust grains within our solar system include the asteroid belt, Edgeworth-Kuiper belt (EKB),
comets, and planets. Regardless of their source, these dust grains are distributed through
heliosphere by a combination of fragmentation, electro-magnetic forces, gravity, radiation
pressure, and solar wind pressure. The dust grains within our solar system are called interplanetary dust particles (IDPs).
The presence of IDPs has long been known since observations of the zodiacal light – the
dim light seen near sunrise and sunset along the ecliptic plane. The zodiacal light is caused
by the scattering of solar photons off IDPs close to the sun. We additionally observe IDPs in
the form of meteorites where they have been studied to a degree where we can classify them
into morphological and mineralogical groups. These classifications, as well as the spatial
distribution, source, and losses, are discussed below.

5.2

Morphology

IDPs are categarized into two morphological groups: chondritic smooth (CS) and chondritic
porous (CP).
The surface texture of CS IDPs are platy and fibrous. They are low-porosity, dense,
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and solid. CS IDPs are mainly composed of silicate minerals, including hydrous silicates
such as clays. Other types of minerals found in CS IDPs are amorphous silicates (glasses),
anhydrous crystalline silicates (forsterite, enstatite, diopside, and fassaite), sulfides (nickle
sulfide, pyrrhotite, and troilite), a phosphide (schreibersite), and oxides (magnetite and
chromite). Carbonaceous material is also commonly found.
CP IDPs have fragile microstructures due to their high porosity and low density. They
are commonly referred to as ”fluffy” grains. CP IDPs are mainly composed of silicates –
with a lack of hydrous silicates. They tend to be heterogeneous aggregates of crystalline
mineral grains (pyroxenes, olivines, FeNi metals, and iron-rich sulfides), polycrystalline aggregates (e.g. glass with embedded metal sulfides), carbonaceous material, and silicate
glasses (Bradley, 1994).
Figure 5.1 shows two examples of IDPs. The left shows a CP IDP, and the right shows
a CS IDP. The CP IDP resembles a bunch of grapes or even commonly found to resemble
a string of grapes. The CS IDP has a combination of smooth and platy surface. Figure
adopted from Bradley (2005).

Figure 5.1: Examples of a CP IDP (left) and CS IDP (right). Figure adopted from Bradley
(2005).
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5.3

Mineralogy

Chondritic IDPs have three mineralogical classes: pyroxenes, olivines, and layer silicates.
The classes are named after the most abundant mineral in the IDP. Sandford and Walker
(1985) studied 26 stratospheric meteorites ranging from 2.5 to 25 microns. Spectral transmission measurements determined about 25% were pyroxenes, about 25% were olivines, and
the remaining 50% were layer silicates. CS IDPs typically contain layer silicates while CP
IDPs typically contain pyroxenes and olivines.
The majority of IDPs fall into these three classes. However it is also common to find
IDPs that fall into more than one class. Some examples include CS layer silicates containing
anhydrous material, CP IDPs containing hydrated layer silicates, or anhydrous IDPs with
similar amounts of pyroxene and olivine.

5.4

Composition

The composition of CP IDPs resemble that of chondritic meteorites. Infrared transmission
measurements and transmission electron microscopy studies of stratospheric micrometeorites
demonstrated that the majority of CP IDPs are mainly heterogeneous aggragates of silicates
including olvines, pyroxenes, or a combination of both (Sandford and Walker, 1985; Bradley,
1994). Also found were iron-rich sulfides, FeNi metal, polycrystalline aggregates, silicate
glass, and carbonaceous material. These grains were absent of hydrous silicates.
Type
CS IDP
CP IDP

C
1.32
2.39

O
4.49
3.98

Na
0.051
0.056

Mg
0.824
1.015

Al
S
0.082 0.341
0.070 0.417

Ca
0.021
0.047

Cr
0.014
0.016

Fe
0.742
0.705

Ni
0.032
0.024

Table 5.1: Average atomic abundance relative to Si for CS and CP IDPs. Adopted from
Schramm et al. (1989).
The average composition of CP IDPs is summarized in Table 5.1. The composition was
found using energy dispersive X-ray analysis of 200 stratorspheric micrometeorites (30 for C
and O) (Schramm et al., 1989).
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5.5

Sources

The main sources of IDPs include the astroid belt, comets, the Edgeworth-Kuiper Belt
(EKB), and LISM. We discuss below how each source contributes to the IDP population of
the inner heliosphere.
IDPs are created in the asteroid belt due to fragmentation from mutual collisions between
asteroids. The IDPs retain their parent body orbits. The inclinations and eccentricities of
asteroidal IDPs are about 0 ≤ 30 degrees and e ≤ 0.1, respectively. They reach the inner
heliosphere from the asteroid belt mainly due to the PR effect (discussed in Section 5.6).
Comets are thought to contain presolar dust and solar nebula condensates. The grains
are ejected from the comet with vaporized volatile material. The heliospheric location of the
deposited dust depends on the path of the comet. Short-period comets are typically dividing
into two groups: Jupiter-family and Halley-type. Jupiter family comets have periods of
less than 20 years, low inclinations, and aphelions near Jupiter. Halley-type comets have
periods from about 20−200 years with higher inclinations. Both groups of short-term comets
originate from the Kuiper belt. Long-period comets have periods more than 200 years and
originate from the Oort cloud. Sun-grazer comets (e.g. the Kreutz group) have perihelions
very close to the sun. The combination of short-period, long-period, and sun-grazers add to
the dust population throughout the heliosphere.
Similar to the asteroid belt, IDPs originate in the EKB from the mutual collisions of
Edgeworth-Kuiper belt Objects (EKOs) (Backman et al., 1995; Stern, 1995, 1996). EKB
IDPs spiral toward the sun due to the PR effect (discussed in Section 5.6). Their trajectories
depend not only on the PR effect, but also solar radiation pressure, solar and planetary
gravity, the IMF, and solar wind drag. About 80% of EKB IDPs are ejected from the solar
system due to planetary gravity. The remaining 20% reach the inner heliosphere (Liou et al.,
1996).
Interstellar dust enters the heliosphere from the LISM similar to interstellar PUIs. The
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first interstellar grains were observed by Ulysses at 5 AU (Grün et al., 1994). Only a small
amount of interstellar grains make it to the inner heliosphere due to radiation pressure and
IMF forces. The amount of interstellar grains is small compared to the contribution from
asteroidal and cometary origins. Observations of the mass density, mass distribution, and
flux rates showed that inerstellar grains only contribute about 10% of the IDP population
at 1 AU (Mann and Kimura, 2000). This is expected to be smaller closer to the sun.

5.6

Spatial Distribution

The spatial distribution of IDPs in the inner heliosphere is mainly the result of the PoyntingRobertson (PR) effect (Poynting, 1904; Robertson, 1937; Burns et al., 1979), electromagnetic
forces of the IMF (Morfill and Grün, 1979), and dust-dust collisions (Ishimoto, 2000). The
PR effect refers to the momentum transfer between radially outward flowing photon flux from
the sun and orbiting IDPs. In the reference frame of the grain, photons are absorbed then
reradiatted isotropically. However in the reference frame of the sun, due to the orbital velocity
of the grain, the light is blueshifted in the direction of the grain velocity and redshifted in
the opposite direction. In this way, angular momentum is carried away from the grain. This
continual process leads to the dust grains slowly spiralling towards the sun.
If grains become charged, they are moderately deflected by electromagnetic forces from
the IMF (Morfill and Grün, 1979). Depending on the direction of the local IMF, the grains
are deflected to higher or lower latitudes. This broadens the spatial distribution of IDPs.
Submicron-sized IDPs are affected by the electromagnetic forces of the IMF more than larger
grains due to their smaller mass-to-charge ratio.
Along their spiraling orbits, IDPs break apart due to dust-dust collisions. Ishimoto (2000)
modeled this collisional process for IDPs from asteroidal and short-term cometary origins.
Interstellar and Kuiper belt dust grain sources were excluded in the study since their fluxes
are small in comparison. The mass distribution of IDPs at 1 AU, 0.5 AU, and 0.1 AU due
to the PR effect and dust-dust collisions is shown in Figure 5.2. It can be seen that as IDPs
34

approach the sun, the larger IDPs break apart into smaller IDPs. The dip in the distribution
at approximately 10−15 g to 10−12 g is described in the following section.

Figure 5.2: Mass distribution of IDPs due to the PR effect and dust-dust collisions (adopted
from Ishimoto (2000)).

5.7

Losses

IDPs are lost due to sublimation, fragmentation, radiation pressure, sputtering, and rotational bursting.
Solar radiation pressure contributes to the loss processes of submicron IDPs. IDPs typically in the range of 10−15 g to 10−12 g are subject to enough solar radiation pressure that
they cannot remain in bound orbit and instead follow hyperboic trajectories. These IDPs
are called beta-meteoroids and are classified by the ratio of solar radiation pressure force
to solar gravitational force, denoted β, being greater than 0.5. IDPs along these hyperbolic
trajectories will eventually be blown out of the heliosphere.
IDPs close to the sun risk sublimation. Not only are they heated by solar radiation, but
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they are also heated by solar wind bombardment. Submicron IDPs are heated more efficiently
by solar wind bombardment than larger IDPs, however the heating is still small compared
to solar radiation (Mukai and Schwehm, 1981). Table 5.2 summarized the sublimation zone
for different types of IDPs based on their composition and morphology.
IDP Composition
Quartz
FeO-poor obsidian
FeO-rich obsidian
Glassy carbon
Graphite
Crystalline Mg-rich pyroxene
Amorphous Mg-rich pyroxene
Basalt
Andesite
Crystalline Mg-rich olivine
Amorphous Mg-rich olivine
Astronomical silicate
Iron
Magnetite
Water ice

CS
1.5 − 4R
1.9 − 7R
2.9 − 6R
4R
≤ 5R
5R
5.5 − 6.5R
6R
9 − 10.5R
10R
13.5 − 15.5R
14R
11 − 24.3R
10 − 40R
1 − 2.8R

CP
−
2.5 − 3R
−
4R
≤ 2R
5R
5 − 6.5R
−
−
9.5 − 11R
12 − 15R
−
−
−
−

Reference
1,2,3
4,5,6,7,8,9,10
5,8
9,10
2,5,7,8,11
12
12
8
3,4,11
12
12
8
3,4
6
2,3,6

1 Over

(1958)
and Mukai (1973)
3 Lamy (1974a)
4 Lamy (1974b)
5 Mukai and Yamamoto (1979)
6 Mukai and Schwehm (1981)
7 Mann et al. (1994)
8 Shestakova and Tambovtseva (1995)
9 Kimura et al. (1997)
10 Krivov et al. (1998)
11 Mukai et al. (1974)
12 Kimura et al. (2002)
2 Mukai

Table 5.2: Zone of sublimation for different IDP composition. Adopted from (Mann et al.,
2004).
Sputtering erodes the surface of IDPs by removing lattice atoms. Mukai and Schwehm
(1981) calculated the average mass loss rate of obsidian IDPs to be about 10−16 g cm−2 s−1 .
This rate is independent of IDP size. Unlike sublimation that ceases for certain compositions
of submicron IDPs, sputtering is a constant loss rate.
High rotation rates may lead to the destruction of IDPs. This process is refered to
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as rotational bursting. There are two methods that cause IDPs to rotate. First is called
“windmill rotation” where momentum is transfered from impacting solar wind ions due
to the surface irregularities of the IDP. Second is called the “Radzievskii Effect” where
photons transfer momentum due to albedo irregularities across the IDP surface during CMEs.
Rotational bursting is expected take place near the sun at distances of 3 − 8 solar radii and
will vary with solar activity.
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CHAPTER 6
Inner Source Pickup Ions

6.1

Introduction

Observations of carbon PUIs in the inner heliosphere (Geiss et al., 1994, 1995) – a species
known to be mainly charged in the LIC – led to the discovery of a second dominant source of
pickup ions now referred to as the inner source. The radial profile of inner source C+ drops
off with distance from the sun. However, the radial profile of PUI species known to have an
interstellar source, such as O+ , increases with distance from the sun. This led to the idea
that inner source PUIs were being produced within ∼2 AU.
Solar wind carbon and oxygen are highly charged (e.g. C5+ , C6+ , O6+ , and O7+ ) due to
the electrons being stripped away by the high temperature of the solar corona. PUIs, on the
other hand, are typically singly charged and sometimes doubly charged. This fact excluded
inner source PUIs from being produced by the sun. If solar wind ions were to be the source,
they must go through some sort of charge exchange in order to gain the electrons between
production and observation. It is known that there is a distribution of IDPs throughout
the heliosphere (see Chapter 5). The number of IDPs increases with distances closer to the
sun. An interaction between solar wind ions and IDPs may be the source of inner source
PUIs. Observations, composition, and possible production mechanisms are discussed in the
following sections.
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6.2

VDF Signature

Observations of the VDF of inner source PUIs show a cooled distribution that peaks near
the solar wind speed. The peak signifies that the ions were picked up close to the sun and
cooled with the expanding solar wind. Figure 6.1 shows an example of the VDF produced by
inner source PUIs (figure adopted from Schwadron and Gloeckler (2007)). The observations
were from the Ulysses/SWICS instrument. While interstellar PUIs have a cutoff near twice
the solar wind speed, the cutoff for inner source PUIs is undetermined due to the limitations
of the SWICS instrument.

Figure 6.1: Example of the VDF produced by inner source PUIs. Figure adopted from
Schwadron and Gloeckler (2007).

6.3

Composition

Since inner source PUIs were suspected to originate from IDPs, it was expected that their
composition resemble the composition of the IDPs. Instead, observations showed that the
composition of inner source PUIs resembles that of the solar wind (Gloeckler et al., 2000;
Allegrini et al., 2005; Schwadron and Gloeckler, 2007). Figure 6.2 demonstrates the near
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one-to-one relation between inner source and solar wind composition.

Figure 6.2: Composition of inner source PUIs compared to the composition of the solar
wind. Observations from the Ulysses/SWICS in the ecliptic plane. Figure adopted from
Schwadron and Gloeckler (2007).
A more recent study (Taut et al., 2015) used the Charge-Time-Of-Flight instrument
(CTOF) on board the SOlar and Heliospheric Observatory (SOHO) to measure the relative
abundance of heavy inner source PUIs at 1 AU. A summary of these abundances are shown
in Table 6.1 along with the observations from Gloeckler et al. (2000) and Allegrini et al.
(2005).
Thanks to CTOF’s high counting statistics, Taut et al. (2015) was able to measure the
C+ /O+ abundance ratio with varying solar wind speed. The study showed that C+ /O+ is
greater than one and decreases with higher solar wind speeds. This supports the observations
from Allegrini et al. (2005) where C+ /O+ approached one for a solar wind speed of about
750 km s−1 . The significance of C+ /O+ approaching 1 at high solar wind speeds is unknown,
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Ion
Taut et al. (2015)
C+
1
+
N
0.23 ± 0.02
+
O
0.56 ± 0.04
Ne+
0.16 ± 0.01
+
Mg
0.28 ± 0.02
Mg2+
0.08 ± 0.02
Si+
0.21 ± 0.02
−1
u (km s )
270 − 406
r (AU)
1
L (deg)
0

Gloecker et al. (2000)
1
0.27 ± 0.04
0.68 ± 0.07
0.22 ± 0.02
0.33 ± 0.05
−
0.22 ± 0.04
318 − 864
1.49
< 60

Allegrini et al. (2005)
1
0.42 ± 0.09
0.99 ± 0.15
0.14 ± 0.03
−
−
−
∼ 750
2
70

Table 6.1: Observations of heavy inner Source PUI composition (Taut et al., 2015). u, r,
and L are the solar wind speed, radial distance, and latitude corresponding to each study.
but it demonstrates that the variation in inner source PUI flux is tied to the solar wind.
Table 6.2 summarizes the observations.
Solar wind speed (km s−1 )
≤ 350
350 − 400
400 − 450
450 − 500
500 − 537

O+ /C+
0.49 ± 0.06
0.58 ± 0.02
0.70 ± 0.04
0.82 ± 0.05
0.95 ± 0.19

Table 6.2: Observations of O+ /C+ for varying solar wind speed (Taut et al., 2015).

6.4

Production Mechanisms

Many production mechanisms have been proposed to explain the inner source PUI observations. Such mechanisms include solar wind recycling (Schwadron et al., 2000; Schwadron
and Geiss, 2000), neutralization (Wimmer-Schweingruber and Bochsler, 2003), sungrazing
comets (Bzowski and Królikowska, 2005), dust-dust collisions (Mann and Czechowski, 2005),
and energetic neutral atoms (ENAs) (Schwadron and McComas, 2010).
In solar wind recycling, solar wind ions are implanted within IDPs, becoming neutralized
in the process. Grains become saturated with solar wind atoms, which eventually desorb
from the grain. The atoms are then ionized and picked up by the interplanetary magnetic
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field. Recycling is dependent on the condition for saturation to occur within the PR lifetime
of the IDPs. If the sputtering rate is too high, saturation and therefore recycling, may not
occur.
In solar wind neutralization, submicron IDPs and the edges of larger grains act like a thin
carbon foil. As solar wind ions pass through the grains, they gain electrons. A distribution
of neutral, singly-charged, and doubly-charged ions remain. Neutralization depends on the
presence of small IDPs. However (Ragot and Kahler, 2003) discussed that these submicron
IDPs may be carried away by CMEs.
In the dust-dust collision model, IDPs collide with each other and produce PUIs due to
fragmentation. However the composition of the PUIs produced will resemble that of the
IDPs and not the solar wind. Although this scenario is likely to produce PUIs, it cannot be
the dominant source of production.
In the sungrazing comet scenario, comets release PUIs near the sun. However Bzowski
and Królikowska (2005) demonstrated that the production of inner source PUIs is stable over
the solar cycle. Sungrazing comets, although unrelated to the solar cycle, are not constantly
occuring phenomena and may therefore not be the dominant mechanism.
ENAs are former PUIs that get trapped in the termination shock, accelerated, then
neutralized by charge exchange processes. ENAs return to the inner heliosphere where they
can re-ionize and possibly be observed as inner source PUIs. However Bochsler and Möbius
(2010) showed that the VDF of ENAs does not match what is expected from inner source
PUIs.
Thus far, no scenario perfectly matches inner source PUI observations. The question
remains: what is the dominant mechanism for inner source PUIs? Is there a scenario yet to
be discovered?
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CHAPTER 7
Study 2 - Inner Source C+ /O+ Pickup Ions Produced by Solar Wind Recycling,
Neutralization, Backscattering, Sputtering, and Sputtering-Induced Recycling

7.1

Introduction

Compared to interstellar PUIs, the production mechanism behind inner source PUIs is not
well understood. Of the mechanisms described in Section 6.4, this study introduces two
new mechanisms that have never been considered until now: backscattering and sputteringinduced recycling (SIR). In backscattering, incident solar wind ions are reflected off the dust
grain surface. Charge exchange occurs during the collision. Similar to neutralization, a
fraction of the original charge state remains. In SIR, solar wind ions implanted in grains are
removed by sputtering. The composition of SIR PUIs will resemble the solar wind.
Recent observations (Taut et al., 2015) used the Charge-Time-Of-Flight instrument (CTOF)
on board the SOlar and Heliospheric Observatory (SOHO) to measure the relative abundance
of heavy inner source PUIs at 1 AU. Thanks to CTOF’s high counting statistics, the study
was able to measure the C+ /O+ abundance ratio with varying solar wind speed. The study
derived new constraints for inner source PUIs: C+ /O+ is greater than 1 and decreases with
solar wind speed. With these new constraints, we can further investigate the mechanism
behind inner source PUI production.
The purpose of this paper is to do a comparative study between the proposed mechanisms.
We use Stopping Range of Ions in Matter (SRIM) (Ziegler et al., 2010) to simulate the
interaction between solar wind ions and CP IDPs. We leave CS IDPs for a future study.
We then use the Energetic Particle Radiation Environment Module (EPREM) (Schwadron
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et al., 2010) to simulate the production and transport of inner source C+ and O+ out to
1 AU. This is the first study to use an expansive transport model such as EPREM to study
inner source PUIs. We compare the VDF of EPREM to observations from SOHO/CTOF.
From our results, we determine how each mechanism satisfies our current understanding of
inner source PUIs.

7.2

SRIM

To simulate the interaction between solar wind ions and CP IDPs, we use Stopping Range of
Ions in Matter (SRIM) (Ziegler et al., 2010). SRIM is a Monte Carlo simulation of the transport of ions in matter. SRIM is a valuable tool for this study as it keeps track of the number
of transmitted ions (neutralization), implanted ions (recycling and SIR), backscattered ions,
and sputtered ions. It additionally keeps track of the velocity vector after transmission,
backscattering, or sputtering. For neutralization, recycling, and backscattering, we need to
consider solar wind carbon and oxygen. For sputtering, we consider solar wind protons.
SRIM requires the composition, density, and depth of the target. In the following subsections, we discuss how we approximate a dust grain target to the best of our current
knowledge.

7.2.1

Size Distribution and SRIM Results

We adopt the resulting number density distribution per grain mass from Ishimoto (2000)
as discussed in Section 5.6. We convert grain mass to radius by assuming the grains are
spherical in shape. We adopt an equivalent density of 0.001 g cm−3 as derived from fluffy
grain observations (Fulle et al., 2015). It is important to note that this is an equivalent
density which includes solid grain and vacuum since CP IDP are highly porous. The density of the solid may be greater, but this complex microstructure is beyond the abilities of
SRIM. Instead, we assume the grain is homogeneous with this equivalent density. Since the
column density is equivalent, there is no loss in generality. The smallest compact grains
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have an expected radius of ∼25 nm (Wimmer-Schweingruber and Bochsler, 2003). For fluffy
grains with equivalent density of 0.001 g cm−2 , this is ∼340 nm. We therefore extrapolate
the number density distribution to this radius. Figure 7.1 shows the total number density
distribution per grain radius adapted from Ishimoto (2000) for for fluffy IDPs at 0.1 AU and
1 AU. A comparison between 1 AU and 0.1 AU shows how large grains fragment into smaller
grains as the grains approach the sun. The dip in the distribution between about 10−4 cm
and about 7 × 10−4 cm is due to dust grains of this size having hyperbolic trajectories rather
than bound orbits. This occurs when the the ratio of solar radiation pressure to solar gravity,
β, is greater than 0.5 (Silsbee and Draine, 2016), hence the name beta-meteoroids.

Figure 7.1: Number density distribution of fluffy dust grains at 0.1 AU and 1 AU due to
dust-dust collisions (adapted from Ishimoto (2000)).
For each grain size, we approximate a spherical grain by running SRIM for a range of
incident angles normal to the grain surface with corresponding column depths of L = 2s cos φ,
where L is the column depth, s is the grain radius, and φ is the incident angle. This is an
important approximation because solar wind ions that graze the dust grain have an increased
chance of backscattering and sputtering. Additionally, the neutralization and recycling rates
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will be higher and lower, respectively, since the column depth near the edges of the grain is
shorter. We integrate over all angles to get an average fraction of transmitted ions, implanted
ions, backscattered ions, and sputtering yield at each grain radius.

Figure 7.2: Geometric cross section distribution of fluffy dust grains at 0.1 AU (left) and 1 AU
(right) due to dust-dust collisions. Found by multiplying the number density distribution
by the cross sectional area of a dust grain. Also shown is the fraction of solar wind carbon
transmitted, implanted, and backscattered for each grain size. This example is for a solar
wind speed of 325 km s−1 .
The geometric cross section of IDPs – the cross sectional area per unit volume – must
be considered for the production rate per unit volume of inner source PUIs. The geometric
cross section for each grain radius is given by

Γ(r, s) = n(r, s)πs2

(7.1)

where n(r, s) is the number density distribution as a function of distance from the sun, r, and
grain radius, s, and πs2 is the cross sectional area of a spherical grain. Figure 7.2 shows the
geometric cross section distribution per grain radius at 0.1 AU (left) and 1 AU (right). Also
shown are the angle-integrated fraction of transmitted, implanted, and backscattered ions
weighted by the geometric cross section at each grain radius. These curves are proportional
to the number of PUIs produced by each mechanism per grain size. As shown by the peak of
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the curve, neutralization produces the most PUIs from fluffy grains of about s = 7×10−5 cm.
Recycling and backscattering produce the most PUIs from grains of about 3 × 10−2 cm at
0.1 AU and about 6×10−2 cm at 1 AU. For small grains (s ≤ 10−3 cm), the majority of PUIs
are produced by neutralization. Recycling is non-existent for small grains since the majority
of solar wind ions transmit through the grain. A small fraction of ions are backscattered.
For large grains (s > 10−3 cm), the fraction of neutralized ions decreases. The majority of
neutralization occurs in the grain edges and ion implantation occurs in the core. For grain
sizes larger than 10−1 cm, solar wind ions do not have enough energy to transmit through
the grains, even at the edges. The majority of ions are implanted. Backscattering occurs at
all grain sizes but more frequently for larger grains.

Figure 7.3: Fraction of solar wind ions implanted, transmitted, and backscattered (left) and
sputtering yield (right) as functions of distance from the sun.
For each mechanism, we integrate over all grain radii. This gives the fraction of solar
wind ions implanted, transmitted, and backscattered, and sputtering yield as a function
of distance from the sun (shown in Figure 7.3). It can be seen that transmission is more
common closer to the sun – increasing about five-fold from 1 AU to 0.1 AU. This increased
rate is due to transmission being dependant on smaller grains. Implantation is fairly constant
at about 71% at 0.1 AU to about 78% at 1 AU for C+ . For O+ , this is about 76% at 0.1 AU
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to about 81% at 1 AU. Backscattering is also fairly constant just above 20% for C+ and just
below 20% for O+ . The sputtering yield increases with distance from the sun with the yield
for O+ being higher than C+ .

Figure 7.4: Average radial velocity after solar wind ions interact with dust grains at different
distances from the sun. The shaded regions are the standard deviations about the average.
Note that for sputtering, the standard deviation is so small that their shaded region is nearly
covered by the line.
SRIM also outputs the velocity of transmitted, backscattered, and sputtered ions. First,
we integrate the velocites over all angles incident to the grain surface. Then we take the
average velocity weighted by the fraction of ions transmitted, backscattered, or sputtered
per grain radius (i.e. Figure 7.2). Figure 7.4 shows the average velocity of particles after
interacting with dust grains. This example is for a solar wind speed of u = 325 km s−1 .
Sputtered ions have very small velocities toward the sun of about 3-4 km s−1 on average.
Backscattered ions reach about 9-12 km s−1 toward the sun since they are reflected back off
the grain surface. These average velocities are approximately constant with distance from
the sun. Neutralized particles have an average velocity of about 138 km s−1 for C+ and
158 km s−1 for O+ at 1 AU. These average velocities are about 182 km s−1 for C+ and
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204 km s−1 for O+ at 0.1 AU. Since there are more small grains close to the sun, the solar
wind ions only lose a small amount of energy as they are transmitted through the grain.
Farther from the sun are larger grains where the transmitted ions lose more energy and
therefore have a lower speed as they exit the grain. Also shown are standard deviations
about the average velocities for each mechanism. The standard deviation for backscattering
is fairly small and negligible for sputtering. For neutralization, the standard deviation about
the average spans a wide range of velocities from about 71 km s−1 to 321 km s−1 . This is
apparent in Figure 7.2. Neutralization (transmitted ions) has a broad distribution compared
to the narrow distribution of backscattered and sputtered ions (not shown).

Figure 7.5: Fraction of solar wind ions implanted, transmitted, and backscattered (left) and
sputtering yield (right) as functions of solar wind speed at 1 AU.
Finally, we repeat this entire process for five solar wind speeds ranging from 325-525 km s−1 .
Figure 7.5 shows the fraction of solar wind ions implanted, transmitted, and backscattered
(left) and sputtering yield (right) as a function of solar wind speed. The amount of transmitted particles increases with solar wind speed since they have more energy and can travel
farther through the grains. Implantation is fairly constant. The amount of backscattered
ions only decreases slightly. The sputtering yield decreases on average.
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7.3

EPREM

To simulate the time-dependent transport of inner source PUIs through interplanetary space,
we use EPREM as discussed in Chapter 3. The source function in EPREM depends on
the production rate per unit volume of PUIs. In the following subsections, we derive the
impact rate per unit volume that solar wind ions impact IDPs, and the production rates per
unit volume for solar wind recycling, neutralization, backscattering, sputtering, SIR, and
interstellar source.
7.3.1

Impact Rate per Unit Volume

The rate that solar wind ions impact dust grains depends on the ion flux and total effective
cross section of dust grains. This is expressed as

βimpact,X (r) = unX (r)σeff

(7.2)

where βimpact,X is the rate of impact of solar wind element X on the dust grains, u is the
solar wind speed, nX is the number density of element X, σeff is the total effective cross
section of dust grains, and r is the distance from the sun. The number density of element
X is related to the number density of solar wind protons by nX = Ξnsw , where Ξ = X/H,
the abundance of element X relative to solar wind protons. We use the relative abundance
ratios from Lepri et al. (2013). The total effective cross section of dust is related to the total
geometric cross section, Γ, by σeff = Γ/nd (r1 ), where nd is the number density of dust at
reference distance from the sun, r1 , (taken to be 1 AU). Making these substitutions, and
expressing Equation 7.2 as the impact rate per unit volume, we have

Simpact (r) = Ξunsw (r1 )

 r 2 Γn (r)
1
d
r
nd (r1 )

(7.3)

where we have used the fact that the solar wind density scales as r−2 . The density of dust,
nd (r), peaks at roughly 10-50 solar radii (Schwadron et al., 1999) and falls off radially as r−1.3
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(Leinert and Grün, 1990). This is approximately the same radial index derived in Ishimoto
(2000) between 0.1 AU and 1 AU. To include the drop off at the sublimation zone, we take
the density profile to be

nd (r) = nd (r1 )

 r 1.3
1

r



L  r1
exp −
−1
r1 r

(7.4)

where L is the distance from the sun where the density of dust peaks (taken to be 0.1 AU).
The total geometric cross section has been derived using the observed flux of inner source
O+ and found to be Γ ≥ 1.3 × 10−17 cm−1 (Schwadron et al., 2000).

7.3.2

Neutralization and Backscattering

In solar wind neutralization (Wimmer-Schweingruber and Bochsler, 2003), submicron dust
grains act similar to a carbon foil. As highly ionized solar wind ions penetrate a dust
grain, electrons are gained through charge exchange within the grain, and the ions transmit
through. During passage through the grain, a fraction of solar wind ions become neutral,
singly-charged, double-charged, and so on. Laboratory experiments of ions passing through
carbon foils have measured these fractional abundances (Bürgi et al., 1990; Gonin et al., 1994,
1995; Allegrini et al., 2014). The rate per unit volume of singly-charged PUIs produced is
given by S + = η + Simpact , where η + is the fractional abundance of singly-charged ions to solar
wind ions, and Simpact is the impact rate per unit volume given by Equation 7.3. Similarly, the
rate per unit volume of neutral atoms produced is S 0 = η 0 Simpact , where η 0 is the fractional
abundance of neutral atoms to solar wind ions.
After passing through the grain, singly-charged PUIs have a chance of ionizing to doublycharged ions. This acts as a loss rate. Similarly, the neutral atoms have a chance of ionizing
to singly-charged PUIs which behaves as a production rate. The probability of ionization
depends on the distance from the sun and species of PUI. We use ionization rates for carbon
and oxygen summarized in Bochsler et al. (2007). The probability of singly-charged atoms
becoming ionized to doubly-charged atoms from an initial distance from the sun ri to distance
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rf is given by
 Z
P (r) = 1 − exp −

rf

+

ri


+ 
βion
r1 2 0
dr .
u
r0

(7.5)

+
Here, βion
is the ionization rate of singly-charged ions at 1 AU, u is the solar wind speed, r1

is the reference point (1 AU), and r0 is the integration factor. Solving the integral, we get
β + r2
P (r) = 1 − exp − ion 1
u


+



1
1
−
ri rf


.

(7.6)

The probability of neutral atoms getting ionized to singly-changed PUIs is
β 0 r2
P (r) = exp − ion 1
u
0





1
1
−
ri rf


(7.7)

0
is the ionization rate of neutral atoms at 1 AU.
where βion

Together, the effective production rate per unit volume of singly-charged neutralized
PUIs is



SN+ (r, u) = kN (r, u)Simpact (r) η + P + (r) + η 0 P 0 (r)

(7.8)

where Simpact (r) is the impact rate per unit volume given by Equation 7.3, kN (r, u) is the
fraction of transmitted ions derived from SRIM results in Section 7.2.1, η + is the fraction of
singly-charged ions after transmission, η 0 is the fraction of neutral atoms after transmission,
P + (r) is the probability of the singly-charged ions becoming doubly-charged, and P 0 (r) is
the probability of neutral atoms ionizing to singly-charged ions.
Backscattering is a similar process to neutralization, but instead of transmitting through
the grain, the ions reflect off the surface. Charge exchange occurs during the collisions
with the grain surface atoms. Similar to neutralization, a fraction of the solar wind ions
become neutral, singly-charged, and doubly-charged, and so on. We assume the same charge
state fractions as neutralization. The production rate per unit volume for backscattering
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is therefore similar to neutralization except for the fraction of backscattered ions, kB (r, u).
The production rate per unit volume of backscattered ions is then given by



SB+ (r, u) = kB (r, u)Simpact (r) η + P + (r) + η 0 P 0 (r) .

(7.9)

Here, kB (r, u) is the fraction of backscattered ions derive from SRIM results in Section 7.2.1,
Simpact (r) is the impact rate per unit volume given by Equation 7.3, η + is the fraction of
singly-charged ions, P + (r) is the probability of these singly-charged PUIs to double charged
ions, η 0 is the fraction of neutral atoms, and P 0 (r) is the probability of the neutral atoms
ionizing to singly-charged PUIs.

7.3.3

Recycling, Sputtering, and SIR

Solar wind ions are implanted in an IDP if they penetrate the grain but lose too much energy
to escape. Inside the dust grain, the implanted solar wind ions are neutralized due to electron
capture. These electrons may either be free electrons of the grain’s mineral layer or solar
wind electrons implanted into the grain. The grain becomes saturated after a one-to-one
correlation between trapped solar wind ions and dust sufrace atoms is reached (Lord, 1968).
If saturated, the neutralized solar wind atoms diffuse to the surface of the dust grains. The
rate of diffusion will then balance the rate of implanted solar wind ions.
Grain saturation depends on its exposure to solar wind flux during its Poynting-Robertson
(PR) residence time. The PR residence time is approximately τPR ≈ 400r2 /β (Burns et al.,
1979), where r is the distance from the sun in AU, and β is the ratio of solar radiation pressure
to gravity. For fluffy grains, β ranges from ∼0.1 to ∼0.8 (Silsbee and Draine, 2016). During
the PR residence time, solar wind ions are implanted into the grains according to the impact
rate (i.e. Equation 7.2) and the fraction of solar wind ions implanted, kR (r, u), as derived
from SRIM results in Section 7.2.1. However, the derived sputtering rate is higher than the
implantation rate. Therefore implanted solar wind ions have a chance of being sputtered.
We name this process sputtered-induced recycling (SIR). Where sputtering removes grain
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atoms, SIR removes implanted ions.
Figure 8.5 shows the amount of PUIs produced by SIR, sputtering, and recycling. As
the grains approach the sun, the amount of implanted ions increases. This small amount of
implanted ions is removed by SIR. The fraction of PUIs produced by SIR is proportional
to Nimp /(Nimp + Ngrain ). Similarly, the fraction of sputtered grain atoms is proportional to
Ngrain /(Nimp + Ngrain ). Here, Nimp is the number of implanted ions. These ions penetrate the
grain to a depth of about 1600 nm. Ngrain is the number of grain atoms within this volume
and is approximately Ngrain = ρV (205 g mol−1 )NA , where ρ is the grain density, V is the
volume containing implanted solar wind ions, NA is Avogadro’s number, and 205 g mol−1
is the mean molecular weight of the grain based off the average fluffy IDP composition in
Table 5.1.
Close to the sun, the implantation rate is high enough that grain surfaces become saturated relatively quickly regardless of the sputtering rate. This occurs within about 0.19-0.43
AU for carbon and 0.16-0.33 AU for oxygen and approaches the sun for higher solar wind
speeds. Within this saturation zone, an impacting solar wind proton has a 50% chance
of removing a grain atom or implanted solar wind ions since there is a one-to-one correlation. At the same time, a solar wind carbon or oxygen atom will remove an implanted
carbon or oxygen atom, respectively – contributing to recycling. The amount of PUIs
produced by recycling is proportional to kR (r, u)Ξ/(kR (r, u)Ξ + Y (r, u)), where kR (r, u)
is the fraction of implanted ions derived from SRIM results, Ξ is the abundance of solar
wind carbon or oxygen relative to protons, and Y (r, u) is the sputtering yield also derived
from SRIM results. Similarly, the fraction of PUIs produced by either sputtering or SIR is
Y (r, u)/(kR (r, u)Ξ + Y (r, u)). Recycling does not occur outside the saturation zone.
Experimental results demonstrated that implanted solar wind hydrogen forms compounds
within silicates (Zeller et al., 1966). The main compounds formed with carbon and oxygen
were CH and OH. We assume that all atoms desorbed or sputtered through SIR are in these
compound forms. Once desorbed, the compounds have a chance of either dissociating or
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Figure 7.6: Amount of PUIs produced by recycling, sputtering, and sputtering-induced
recycling during the Poynting-Robertson residence time of fluffy IDPs. This example is for
carbon and a solar wind speed of 325 km s−1 .
ionizing. For example, CH gets dissociated to C+H or ionized to CH+ . If dissociated, C
has a chance of ionizing to C+ or doubly ionizing to C2+ . If ionized, CH+ will get picked
up by the solar wind until eventually dissociating to C+ +H. We use dissociation rates from
Huebner et al. (1992), Combi (1996), Kim and Irikura (2000), and Rubin et al. (2011). We
use ionization rates from Bochsler et al. (2007).
Based on this approximation of saturation and dissociation, the production rate per unit
volume for recycling is

SR+ (r, u)

+

= κR (r, u)kR (r, u)Simpact (r)P (r)



βdiss
βdiss + βion



0
βion
+
0
βion
+ βion




+

βion
βdiss+ion




Pdiss (r) .

(7.10)
Here, κR (r, u) is the fraction of PUIs produced within the saturation zone (i.e. Figure 8.5),
kR (r, u) is the fraction of implanted PUIs based on SRIM results, Simpact (r) is the impact rate
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of solar wind ions on dust grains, P + (r) is the probability of singly-charged PUIs ionizing to
doubly-charged ions, βdiss is the rate of CH or OH dissociation, βion is the rate of CH or OH
+
0
is the ionization rate of neutral atoms, βion
is the rate of singly-charged PUIs
ionization, βion

ionizing to doubly-charged ions, and Pdiss (r) is the probability of CH+ or OH+ dissociating.
Similar to recycling, the production rate per unit volume of SIR is

+
SSIR
(r, u)

+



= κSIR (r, u)Y (r, u)Simpact (r)P (r)

βdiss
βdiss + βion
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βion
+
0
βion
+ βion




+

βion


Pdiss (r)

βdiss+ion
(7.11)

where κSIR (r, u) is the fraction of PUIs produced by SIR based on the saturation approximation (i.e. Figure 8.5), and where Y (r, u) is the sputtering yield derived from SRIM results in
Section 7.2.1. Again, Simpact (r) is the impact rate of solar wind ions on dust grains, P + (r)
is the probability of singly-charged PUIs ionizing to doubly-charged ions, βdiss is the rate of
0
CH or OH dissociation, βion is the rate of CH or OH ionization, βion
is the ionization rate of
+
neutral atoms, βion
is the rate of singly-charged PUIs ionizing to doubly-charged ions, and

Pdiss (r) is the probability of CH+ or OH+ dissociating.
Lastly, the production rate per unit volume of sputtering is

SS+ (r, u) = κS (r, u)Y (r, u)Simpact (r)P + (r)

(7.12)

where κS (r, u) is the fraction of sputtered ions based on the approximation for saturation
(i.e. Figure 8.5), Y (r, u) is the sputtering yield derived from SRIM results in Section 7.2.1,
Simpact (r) is the impact rate of solar wind ions on dust grains, and P + (r) is the probability
of singly-charged PUIs ionizing to doubly-charged ions. Since grain atoms are sputtered in
either atomic of ionic forms, rather than compounds as in SIR, there is no dissociation term.

56

7.3.4

Interstellar Source

Interstellar PUIs originate from neutral atoms entering the heliosphere due to the relative
motion of the sun and local interstellar cloud. The neutral atoms follow hyperbolic trajectories due to the gravitation of the sun creating a region on enhanced density on the downwind
side of the sun called the focusing cone (Möbius et al., 1985, 1995). Oxygen, due to its low
first ionization potential, does not survive long enough to create a noticable focusing cone.
Instead, a crescent structure is formed on the upwind side of the sun (Drews et al., 2012;
Sokól et al., 2016). Interstellar carbon, on the other hand, is expected to be mainly charged
and cannot enter the heliosphere.
To simulate the production of interstellar oxygen, we use the hot gas model (Fahr, 1971;
Thomas, 1978; Wu and Judge, 1979). The model numerically solves for the density of neutral
atoms as a function of heliocentric distance and longitude. The trajectories of neutral atoms
depend on the density, velocity, and temperature of the gas in the local interstellar medium
(LISM). Recent IBEX observations determined the velocity, temperature, and density of gas
in the LISM to be approximately 25.4 km s−1 , 8000 K, and 5.8 × 10−5 cm−3 , respectively
(Schwadron et al., 2015, 2016).
The survival of oxygen depends on the rates of photoionization, charge exchange, and
electron impact. We use the ionization rates for solar minimum summarized in Bochsler et al.
(2007) since SOHO/CTOF was only active during this time. We make the approximation
that the rate of electron impact scales as r−2 . In fact, electron impact ionization decreases
with radial distance more rapidly. Typically, electron impact rates are ignored, but since the
rate is of a similar order of magnitude to photoionization and charge exchange, it is more
appropriate to use a simple approximation for this rate than to neglect it entirely.
After the interstellar neutral oxygen is ionized and picked up by the solar wind, there is a
chance of ionizing to a doubly-charged ion (i.e. Equation 7.6). All together, the production
rate per unit volume used in EPREM for interstellar oxygen is given by
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0
SI+ (r, θ) = βion

 r 2
1

r

nO (r, θ)P + (r).

(7.13)

0
Here, βion
is the ionization rate of neutrals to singles, r is the distance from the sun, r1 is

the reference distance (1 AU), θ is the ecliptic longitude, nO (r, θ) is the spatial density of
neutral oxygen, and P + (r) is the probability of a PUI ionizing to double-charged ions (i.e.
Equation 7.6).

7.4

Observations

Heavy PUI measurements are provided by the Charge-Time-Of-Flight sensor (CTOF), which
is a time-of-flight mass spectrometer combining energy-per-charge, time-of-flight, and residual energy measurements. From these quantities the mass-per-charge of an incident ion can
be determined which is sufficient to identify heavy PUIs such as C+ and O+ . CTOF is part of
the Charge, ELement, and Isotope Analysis System (CELIAS) detector package (Hovestadt
et al., 1995) onboard the SOlar and Heliospheric Observatory (SOHO) spacecraft located
at L1. Unfortunately, the sensor ceased operation after only ∼150 days of operation time
due to failure of critical detector components. Therefore, it provides only a limited data set
covering ecliptic longitudes in the upwind direction of the interstellar flow.
The in-flight calibration and the ion identification method presented in Taut et al. (2015)
are exploited to derive count rates of C+ and O+ as a function of w = v/u, where v is the ion
speed and u is the solar wind speed. Due to CTOF’s limited energy coverage, the solar wind
speed range that can be utilized must be restricted to u < 340 km s−1 to cover w < 1.9 for
O+ . At low w, the C+ and O+ signals are contaminated by solar wind background, which
increases the uncertainty and limits the usable w-range at w ≈ 0.8.
Furthermore DoY 165 and 166, 1996, are excluded from the data, because CTOF sampled
O+ from the atmosphere of Venus (Grünwaldt et al., 1997) that are not considered in the
simulation. The raw count rates are then corrected for the sensor’s detection efficiency (Hefti,
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1997) and weighted with v −1 to account for the position-space volume covered by CTOF.
Since CTOF data was taken while in the upwind direction of the interstellar flow, we
likewise consider the VDF in the upwind direction for comparison. All results from EPREM
are compared to CTOF by transforming EPREM’s VDF into the spacecraft frame. We then
integrate over the instrument acceptance angles.

7.5

Results

7.5.1

Velocity Distribution Function

Figure 7.7: Velocity distribution of C+ (left) and O+ (right) pickup ions limited the the
field of view of SOHO/CTOF. Included are production by solar wind recycling, neutralization, backscattering, sputtering, sputtering-induced recycling, and interstellar source. The
normalized velocity distribution of CTOF is scaled for comparison.
The velocity distribution of inner source C+ (left) and O+ (right) produced by solar wind
recycling, neutralization, backscattering, sputtering, and SIR is shown in Figure 7.7. The
normalized phase-space density from CTOF is scaled to overlay the VDF from EPREM.
Although we cannot compare the intensities directly, we can compare the general shape (i.e.
peak, width, and cutoff).
CTOF observations show a broad VDF with a peak near w = 1 which signifies that the
PUIs are produced near the sun and cooled by the time they reach 1 AU. This agrees with
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previous observations (Gloeckler and Geiss, 1998; Schwadron et al., 2000; Gloeckler et al.,
2010). A ”rollover” is visible in the C+ VDF where the VDF begins to curve downward
between w ≈ 1.8 and just over w = 2. This rollover nicely follows the total VDF simulated
by EPREM and similarly may signify a cutoff. The cutoff is slightly above w = 2 possibly
due to the orbital velocity of the grains. A ”tail” is seen above w = 2 which may be the result
of acceleration within compressed solar wind (Chen et al., 2015; Fisk and Gloeckler, 2014)
or PUI transport within varying solar wind speeds. The cutoff for O+ cannot be determined
since interstellar O+ is dominant near w = 2. This can be seen by the ”shoulder” in
CTOF’s VDF above w ≈ 1.55 and supported by the higher interstellar O+ VDF simulated
by EPREM.
There is a possibility that the rollover in the C+ VDF is due to the small amount of
interstellar neutral carbon that enters the heliosphere. To examine this possibility, we simulate the spatial distribution of interstellar C+ in the same way as interstellar O+ (i.e.
Section 7.3.4). For the density of neutral carbon in the LISM, we use the upper limit of
0.15 of the interstellar O+ density (Geiss et al., 1994). This is most likely an overestimation.
The resulting VDF at w = 2 is two orders of magnitude lower than the total. We therefore
conclude that the rollover is unlikely to be from interstellar C+ .
The possible cutoff near w = 2 reveals that inner source PUIs may be injected into
the solar wind with a small speed compared to the solar wind. This is a feature of the
inner source VDF that has never been revealed until now and supports the observations
of C+ being locally injected into the solar wind at 1 AU (Drews et al., 2016). Recycling,
backscattering, sputtering, and SIR each have a cutoff near w = 2 indicating that their
injection speed is small. This is supported by Figure 7.4. The cutoff for neutralization
is near w = 1.75 for carbon and w = 1.65 for oxygen. This lower cutoff is due to the
average speed of neutralized particles after transmitting through the grain being quite high
(∼138 km s−1 and ∼155 km s−1 at 1 AU for C+ and O+ , respectively).
Since the cutoff is an important feature, we additionally simulate PUI production by
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neutralization, backscattering, and sputtering for injection speeds within 1σ of their respective averages. These injection speed ranges for a solar wind speed of 325 km s−1 are shown
in Figure 7.4 and discussed in Section 7.2.1. The injection speed for backscattering and
sputtering does not vary much. As a result, the cutoff velocity for these mechanisms does
not change significantly. 1σ about the average injection speed for neutralized carbon ranges
from about 71 km s−1 to 321 km s−1 . The respective cutoffs are w ≈ 1.8 and w ≈ 1.25. For
neutralized oxygen, 1σ about the average injection speed ranges from about 77 km s−1 to
322 km s−1 and has respective cutoffs of w ≈ 1.85 and w ≈ 1.4. Based on these cutoffs, it
may be possible for the VDF from neutrlization to have a cutoff near w = 2. This occurs
for larger grains where solar wind ions have just enough energy to transmit through the
grain. However only a fraction of the ions will transmit this way. The majority will not have
enough energy to transmit and instead be implanted in the grain. So a cutoff near w = 2 in
the neutralization VDF is possible, but the intensity at the cutoff will be low.
The VDF for neutralization is narrower than the other mechanisms, especially for O+ .
This means that more solar wind ions are being neutralized closer to the sun than farther
away. This is supported by Figure 7.3. More solar wind ions are neutralized close to the
sun because of the higher amount of small grains. Additionally, the injection speed of
neutralized ions is higher close to the sun since the ions lose less energy as they pass through
these smaller grains. In comparison, backscattering produces a roughly constant amount of
PUIs regardless of distance from the sun. This is due to these backscattering depending
more on larger grains which are farther from the sun. This leads to a broad VDF.
Although the VDF for recycling has a cutoff near w = 2, the VDF is quite narrow as
compared to the CTOF observations. This is due to PUIs only being produced by recycling
within the saturation zone then cooled in the expanding solar wind before reaching 1 AU.
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7.5.2

C/O Abundance Ratio

The relative abundance of C+ /O+ is found by integrating the VDF between 0.8 ≤ w ≤ 1.2.
These are the same bounds of integration used in Taut et al. (2015). Figure 7.8 shows C+ /O+
as a function of solar wind speed for each mechanism and CTOF. CTOF shows twice the
amount of C+ than O+ for u = 325 km s−1 . For higher solar wind speeds, C+ /O+ decreases.
The mechanisms that produce similar results to CTOF are neutralization and backscattering. These mechanisms produce more C+ than O+ with C+ /O+ decreasing with solar
wind speed. SIR produces more C+ than O+ but only for 425 km s−1 and below. Recycling
produced about twice as much C+ than O+ and this increases with solar wind speed. This
is due to the dissociation rate of CH being much higher than the dissociation rate of OH.
The majority of CH dissociates quickly after desorption while a fraction of OH gets ionized,
picked up by the solar wind, and dissociated farther away from the sun. So for higher solar
wind speeds, the chance of OH dissociating by 1 AU is smaller. Sputtering produces more
O+ than C+ . This is because IDPs are composed of mainly silicates with a high amount of
oxygen.

7.6

Discussion

7.6.1

Constraints

The C+ and O+ VDF observations from SOHO/CTOF reveal a new constraint on the mechanism behind inner source PUI production: a broad VDF at 1 AU with possible cutoff near
w = 2. Table 7.1 summarizes the currently known major constraints on inner source PUIs.
Our simulations from EPREM demonstrate how each mechanism satisfies these constraints.
Backscattering is the only mechanism to satisfy all five constraints. While SIR satisfies
all five constraints for slow solar wind speeds, C+ /O+ dips below 1 for higher solar wind
speeds. Neutralization satisfies three – if not more – but has two questionable features.
Neutralization depends on small grains. Small grains have a higher charge-to-mass ratio
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Figure 7.8: C+ /O+ abundance ratio as a function of solar wind speed for recycling, neutralization, backscattering, sputtering, and sputtering-induced recycling compared to CTOF
observations.
than large grains. They are therefore more likely to be affected by Lorentz forces. This is
important during solar maximum where CMEs frequently occur. The small IDP population
may be swept up by CMEs during solar maximum (Ragot and Kahler, 2003). However the
inner source PUI flux has been shown to be steady over the solar cycle (Allegrini et al.,
2005). Although backscattering is a similar process to neutralization, the process occurs for
grains of all sizes – more efficiently for large grains. The PUI flux from backscattering will
Constraint
Broad VDF1 with cutoff near w = 2
C+ /O+ > 1
Decreasing C+ /O+ with u
Solar wind-like composition
Stability over the solar cycle

Recycling
No
Yes
No
Yes
Yes

Neutralization Backscattering
Possibly2
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Unlikely4
Yes

1 At

1 AU.
near w = 2 is possible but intensity may be low.
3 Satisfied for solar wind speeds of 425 km s−1 and below.
4 Small grains may get trapped in CMEs.
2 Cutoff

Table 7.1: Inner Source PUI mechanism constraints
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Sputtering
SIR
Yes
Yes
No
Mostly3
Yes
Yes
No
Yes
Yes
Yes

therefore be steady over the solar cycle.

7.6.2

Over-production of Oxygen

Although backscattering and SIR satisfy the constraints better than recycling, neutralization,
and sputtering, the sputtered O+ intensity is the highest of the mechanisms. This makes
the total C+ /O+ ratio less than CTOF measurements. This discrepancy may be due to
the composition of IDPs inside 1 AU. Mann et al. (2007) suggested that the composition
of silicate IDPs may change due to dust-dust collisions and sublimation. For example,
enstatite (MgSiO3 ) breaks down to masnesia (MgO) and silica (SiO2 ). The study showed
that magnesia is the most likely material to survive close to the sun. If this is true, then the
sputtering rate is likely to be lower than that showed in our study since magenesia contains
less oxygen. Unfortunately, to our knowledge, there are no observational data to confirm
this. Regardless, we test this idea by simulating the production of O+ from MgO grains. The
distance that silicates break down into MgO is uncertain, so we assume all grains are MgO for
simplicity. Results show a reduction of O+ by 30% for a solar wind speed of 525 km s−1 and
up to 40% for 325 km s−1 . This decrease in O+ results in a total C+ /O+ that ranges from 1.37
to 0.95 for solar wind speeds from 325 km s−1 to 525 km s−1 . This is in better agreement
with CTOF measurements and suggests that the composition of dust grains may indeed
break down due to dust-dust collisions as they approach the sun. Observational evidence
of dust grain composition and PUI composition inside 1 AU is necessary to investigate this
further.
Sputtering also depends on the saturation of IDPs. The rate of saturation is different
depending on whether IDPs are charged. Charged IDPs will have an approximately fixed
orientation based on the local interplanetary magnetic field. The sunward facing portion of
the IDP will get saturated quicker than a neutral IDP that rotates freely. If saturation is
reached quicker, then the contribution from sputtering will be smaller. This is demonstrated
in Figure 8.5. There will also be a higher contribution from recycling which produces more
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C+ due to the high dissociation rate of CH. However, Mann et al. (2004) showed that
IDPs larger than about 10−4 cm are weakly influenced by the local interplanetary magnetic
field. Since recycled and sputtered PUIs are produced mainly from larger grains, and since
implantation does not occur in nano-sized grains (i.e. Figure 7.2), this is unlikely to have an
affect on the observed C+ /O+ ratio.

7.7

Summary

We have used SRIM and EPREM to simulate the production and transport of inner source
pickup ions. We considered five production mechanisms involving the interaction between
solar wind ions and fluffy interplanetary dust grains: solar wind recycling, neutralization,
backscattering, sputtering, and sputtering-induced recycling. This is the first study to consider backscattering and sputtering-induced recycling. Comparison to SOHO/CTOF revealed a new constraint on the production mechanism: a broad velocity distribution at 1 AU
with a possible cutoff near twice the solar wind speed which suggests that PUIs may be
injected into the solar wind at low speeds.
Backscattering and sputtering-induced recycling satisfy the most constraints with a broad
VDF, cutoff near w = 2, C+ /O+ > 1 (at solar wind speeds of 425 km s−1 and below
for sputtering-induced recycling) that decreases with solar wind speed, a solar wind-like
composition, and stability over the solar cycle. However the intensity of backscattering is
relatively low compared to the other mechanisms.
Based on intensity, sputtering and sputtering-induced recycling are the dominant mechanisms. However sputtering produces more O+ , causing the total C+ /O+ to be less than
observed by CTOF. We looked into the possibility that the composition of dust grains changes
inside 1 AU, and the results support this idea. To continue this investigation, it is necessary
to have observational evidence of dust grain composition and PUI composition inside 1 AU.
This study showed that the combination of SRIM, EPREM, and observations are a
powerful set of tools for studying inner source PUIs. In the future, we will do a similar
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study for compact CS IDPs. Not only will this reveal information on the production of inner
source PUIs, but may reveal valuable information on the IDP population.
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CHAPTER 8
Study 3 - Inner Source Pickup Ions from Chondritic Smooth Interplanetary
Dust Particles

8.1

Introduction

Inner source PUIs (Geiss et al., 1995, 1994) are thought to be produced by the interaction
between solar wind ions and IDPs. IDPs are typically categorized in two morphological
groups: chondritic porous (CP) and chondtritic smooth (CS) – sometimes referred to as
”fluffy” and ”compact” grains, respectively. CP IDPs have fragile microstructures due to
their high porosity and low density. CS IDPs, on the other hand, are mainly solid and dense
with a platy or fibrous surface. Due to the different structure of CP and CS IDPs, it is
expected that the production of inner source PUIs behaves differently for each type.
Quinn et al. (2018b) simulated the production and transport of inner source PUIs produced from the interaction of solar wind ions and CP IDPs. Five mechanisms were considered: solar wind recycling, neutralization, backscattering, sputtering, and sputtering-induced
recycling (SIR). These mechanisms are described as follows:
1. In solar wind recycling (Schwadron et al., 1999), solar wind ions are implanted within
IDPs, becoming neutralized in the process. If the surface layer of the grain becomes
saturated with solar wind atoms, the solar wind atoms will eventually desorb from the
grain. The atoms are then ionized and picked up by the interplanetary magnetic field
(IMF).
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2. In solar wind neutralization (Wimmer-Schweingruber and Bochsler, 2003), submicron
dust grains and the edges of larger grains act like a thin carbon foil. As solar wind ions
pass through the grains, they gain electrons. A distribution of neutral, singly-charged,
and doubly-charged ions remains.
3. In backscattering (Quinn et al., 2018b), incident solar wind ions are reflected off the
dust grain surface. Charge exchange occurs during the collision. Similar to neutralization, a fraction of the original charge state remains.
4. In sputtering, solar wind ions impact IDPs and remove the grain atoms from the
surface. The atoms are sputtered as ions or neutrals that are quickly ionized and
picked up by the solar wind.
5. In SIR (Quinn et al., 2018b), solar wind ions implanted in grains are removed by
sputtering. Unlike the composition of sputtered atoms which resembles that of the
grain, the composition of SIR PUIs resembles the solar wind.
To complete the description of inner source PUI production, we must extend Quinn et al.
(2018b) to CS IDPs. We use SRIM (Ziegler et al., 2010) to simulate the interaction between
solar wind ions and CS IDPs. We then use EPREM (Schwadron et al., 2010) to simulate
the production and transport of inner source C+ and O+ out to 1 AU. We compare results
to the observations of Taut et al. (2015) which used SOHO/CTOF. Lastly, we discuss the
IDP population based on the results of inner source PUI production.

8.2

SRIM

SRIM is a Monte Carlo simulation of the transport of ions in matter. For this study, we use
SRIM to simulate the interaction of solar wind ions and CS IDPs. SRIM is a useful tool as
it keeps track of the number of transmitted ions (neutralization), implanted ions (recycling
and SIR), backscattered ions, and sputtered ions.
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For the grain target, we use the average composition of a CS IDP. The composition was
found by energy dispersive X-ray analysis of over 200 stratospheric micrometeorites (30 for
C and O) (Schramm et al., 1989). The average composition for CS IDPs is summarized in
Table 5.1 of Section 5.4.
The spatial distribution of IDPs in the inner heliosphere depends on the PoyntingRobertson (PR) effect (Poynting, 1904; Robertson, 1937; Burns et al., 1979), electromagnetic
forces of the IMF (Morfill and Grün, 1979), and dust-dust collisions Ishimoto (2000). This
collisional process as IDPs spiral toward the sun was modeled by Ishimoto (2000) for IDPs
from asteroidal and short-term cometary origins. Interstellar and Kuiper belt dust grains
were excluded since their fluxes are small in comparison. We adopt the results of this study.
We use the typical density of 2.5 g cm−3 for compact grains (Gustafson, 1994). The smallest
compact grains have an expected radius of ∼25 nm (Wimmer-Schweingruber and Bochsler,
2003). We therefore extrapolate the number density distribution to this radius. Figure 8.1
shows the total geometric cross section per grain radius adapted for CS IDPs at 0.1 AU and
1 AU. A comparison between distribution at each distance shows how large grains fragment
into smaller grains as they approach the sun. The dip in the distribution at grain radii
of about 7 × 10−6 cm to 5 × 10−5 cm is due to grains with hyperbolic orbits (discussed in
Section 5.7).
SRIM results for the fraction of transmitted, implanted, and backscattered ions are also
shown in Figure 8.1. For the smallest grain size, about 40% of solar wind ions transmit
through the grain, about 45% are implanted, and about 15% are backscattered. At about
10−4 cm grains, solar wind ions cease to transmit through the grain – even at the edges. For
larger grains, about 89% of ions are implanted, and about 11% of ions are backscattered.
Integrating over the distribution for each mechanism, we find the total fraction of PUIs
produced as a function of distance from the sun. We repeat these simulations for incident
solar wind ions at 325, 375, 425, 475, and 525 km s−1 to determine how these fractions
change with solar wind speed.
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Figure 8.1: Geometric cross section distribution of compact dust grains at 0.1 AU (left)
and 1 AU (right) due to dust-dust collisions. Found by multiplying the number density
distribution by the cross sectional area of a dust grain. Also shown is the fraction of solar
wind carbon transmitted, implanted, and backscattered for each grain size. This example is
for a solar wind speed of 425 km s−1 .
Previously, Quinn et al. (2018b) used the average residual velocity after solar wind ions
interacted with the dust grains. We improve upon this approximation by instead retaining
the full residual velocity distribution. The residual velocity for neutralization, backscattering, and sputtering are shown in Figure 8.2, Figure 8.3, and Figure 8.4, respectively. Each
example is for carbon and a solar wind speed of 425 km s−1 . Since the residual velocity
perpendicular to the incident direction (radial) is symmetric, we arbitrarily confine the perpendicular velocity to the positive azimuthal direction. This approximation will only minorly
affect the PUI cutoff at higher velocities (at about twice the solar wind speed).
Neutralized ions lose energy as they transmit through the grain but mainly remain traveling away from the sun. A smaller portion of ions travel azimuthally and some travel toward
the sun. These are due to ions just making it through the grain edges where some are even
deflected back and out of the grain during the last collision. The residual velocity of neutralization looks quite similar to that of backscattering which supports the idea that the two
mechanisms may be one in the same. However backscattered ions are reflected off the grain
surface at higher velocities. Some ions reach as high as the solar wind speed toward the sun.
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The residual velocity for sputtered ions is focused in a small distribution toward the sun
with low velocities. A small amount of ions that sputter off the edges have positive radial
velocities. The residual velocity for SIR is the same as sputtering since the process is the
same. For recycling, the velocity is taken to be zero in the grain frame.

Figure 8.2: Residual velocity of neutralized inner source carbon after transmitting through
CS IDPs.

8.3

Production Mechanisms

In this section, we describe each inner source PUI production mechanism in more detail.

8.3.1

Recycling, Sputtering, and SIR

Solar wind ions that impact an IDP will become implanted within the grain if the ion does not
have enough energy to escape. The ion is neutralized inside the grain due to electron capture
with free grain electrons or implanted solar wind electrons. The surface of the IDP becomes
saturated once a one-to-one correlation between implanted solar wind ions and grain surface
atoms is reached (Lord, 1968). Once saturated, the neutralized solar wind atoms within the
grain will diffuse to the surface and desorb. The rate of desorption is balanced by the rate
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Figure 8.3: Residual velocity of inner source carbon after backscattering off CS IDPs.
of implantation. This process is referred to as solar wind recycling.
Recycling is dependent on the condition that the surface layer of IDPs is saturated with
implanted solar wind ions. The number of implanted ions is proportional to the solar wind
flux and IDP cross sectional area. SRIM results from Section 8.2 demonstrated that about
89% of impacted solar wind ions are implanted in the grain. This fraction is constant with
distance from the sun. However the sputtering rate is higher than the implantation rate.
Therefore these implanted ions will be removed from the grain by sputtering (i.e. the SIR
process). The PUI production rates from sputtering and SIR are proportional to the fraction
of grain atoms and implanted ions, respectively. Figure 8.5 shows the fraction of inner source
PUIs produced by sputtering and SIR within the PR lifetime of IDPs. Since the number of
grain atoms is so high in CS IDPs compared to the number of implanted ions, sputtering is
the dominant process. By 0.1 AU, the number of implanted ions does not reach the number
of grain atoms within the surface layer. Therefore saturation is never reached, and no PUIs
are produced by recycling.
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Figure 8.4: Residual velocity of sputtered inner source carbon from CS IDPs.
8.3.2

Neutralization and Backscattering

Neutralization and backscattering are very similar processes. Neutralization refers to solar
wind ions that have enough energy to transmit through the dust grain. Figure 8.1 showed
that transmission only occurs for CS IDPs with radii less than about 10−4 cm. For grains
larger than this size, transmission does not occur even at the edges of the grains. The solar
wind ions will gain electrons through Coulomb collisions within the grain as they transmit
through. This process is similar to a carbon foil. We therefore approximate the charge state
fractions after transmission based on carbon foil experiments (Bürgi et al., 1990; Gonin et al.,
1994, 1995; Allegrini et al., 2014).
Backscattering occurs when a solar wind ions reflects off the grain surface rather than
transmitting through the grain. Similar charge state fractions to neutralization are expected
from the collisions with the grain atoms. We therefore use the same carbon foil results. For
PUI production rates, there are two differences between backscattering and neutralization:
the fraction of ions backscattered or transmitted, and the residual velocity. These were
demonstrated by SRIM results in Section 8.2.
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Figure 8.5: Fraction of inner source PUIs produced by sputtering and SIR during the PR
lifetime of CS IDPs. Since there are so many grain atoms compared to implanted ions,
sputtering dominates, and saturation (i.e. the condition for recycling) is never reached. This
example is for C+ and a solar wind speed of 425 km s−1 .
8.4

EPREM

We use EPREM to simulate the production and transport of the PUIs. EPREM was discussed in detail in Chapter 3.
We use the production rates per unit volume derived in Quinn et al. (2018b) for each
mechanism. In order to make an accurate comparison to Quinn et al. (2018b), we transform
the PUI velocity distribution function (VDF) into the frame of the Charge-Time-Of-Flight
sensor (CTOF) onboard the SOlar and Heliospheric Observatory (SOHO). The VDF is then
integrated over the instrument acceptance angles.
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Figure 8.6: Velocity distribution of C+ (left) and O+ (right) pickup ions limited to the
field of view of SOHO/CTOF. Included are production by neutralization, backscattering,
sputtering, sputtering-induced recycling, and interstellar source.
8.5

Results

8.5.1

Velocity Distribution Function

The resulting VDF simulated by EPREM is shown in Figure 8.6 for C+ (left) and O+
(right). This example is for a solar wind speed of 425 km s−1 . It is immediately evident that
sputtering produces the most PUIs compared to the other mechanisms. The maximum of the
sputtering VDF is two and three orders of magnitude higher than the remaining mechanisms
for C+ and O+ , respectively. The total VDF is therefore dominated by sputtering.
Neutralization produces the least amount of PUIs due to the low amount of solar wind
ions able to transmit through the compact grains. Since saturation is never reached during
the PR lifetime of grains, recycled ions do not exist. SIR and backscattering produce a
similar amount of PUIs.

8.5.2

C/O Abundance Ratio

The VDF for each mechanism is integrated between 0.8 ≤ w ≤ 1.2 to get the C+ /O+ relative
abundance ratio, where w is the PUI speed normalized to the solar wind speed. These are
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the same bounds of integration used in Taut et al. (2015) and Quinn et al. (2018b). The
results are shown in Figure 8.7 and compared to the observations of Taut et al. (2015).

Figure 8.7: C+ /O+ abundance ratio as a function of solar wind speed for neutralization,
backscattering, sputtering, and SIR compared to CTOF observations from Taut et al. (2015).
CTOF observations show a positive C+ /O+ ratio that decreases with solar wind speed.
The results from neutralization and backscattering match these observations well. However
neutralization and backscattering do not produce as many PUIs as sputtering. The total
C+ /O+ ratio therefore follows sputtering closely. Sputtering produces more O+ than C+
since there is much more oxygen than carbon in CS IDPs.

8.6

Discussion

There are clear differences between inner source PUIs produced by CS and CP IDPs. For CS
IDPs, recycling is impossible. Although the implantation rate is higher, saturation is never
reached during the PR lifetime due to the high number of grain atoms. CP IDPs, on the
other hand, are low density grains and a large portion is vacuum. Saturation occurs at about
0.19-0.43 AU for carbon and about 0.16-0.33 AU for oxygen (Quinn et al., 2018b). Since
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inner source PUI production takes place near 0.1 AU, recycling is a significant contribution.
Recycling also produces more C+ than O+ due to compounds formed while in the grain and
the much higher dissociation rate of carbon compounds such as CH.
The amount of PUIs produced by SIR is less for CS IDPs than CP IDPs for the same
reason as recycling. Due to the shear number of grain atoms in these high density, compact
grains, the fraction of implanted ions is small. Therefore the chance of an implanted ion
sputtering is much smaller than the chance of a grain atom sputtering. About 28 times less
C+ and 4 times less O+ is produced from CS IDPs than CP IDPs.
Neutralization is negligible for CS IDPs. Compared to CP IDPs, neutralization produces
about 4 orders of magnitude less PUIs. This is because solar wind ions cannot transmit
through these high density grains. Neutralization occurs in CP IDPs up to about 10−1 cm.
For CS IDPs, the largest grain size is only about 10−4 cm. Since the largest geometric
cross section is from grains between 10−3 and 10−2 for CS IDPs, the contribution from
neutralization is low.
There is not much of a difference between backscattered PUIs from CS and CP IDPs
compared to the other mechanisms. SRIM results showed only about 9% less backscattering
for CS IDPs. This resulted in about 2 − 3 times less PUIs at 1 AU.
As shown in Figure 8.6 and Figure 8.7, sputtering is the dominant mechanism for CS
IDPs. This results in an inner source PUI composition that strictly resembles that of the
dust grains. Observations, however, have shown that the composition resembles the solar
wind and not dust grains (Schwadron and Gloeckler, 2007). The PUI composition produced
from CP IDPs (Quinn et al., 2018b) was much closer to observations than CS IDPs, as
shown in this study. If CS IDPs produce an inner source PUI composition that contradicts
observations, then there is a possibility that the percent of CS IDPs close to the sun is small
– meaning IDPs close to the sun where the majority of inner source PUIs get produced is
dominated by CP IDPs. The question then arises: is this situation plausible?
The origin of CP IDPs is thought to mainly be from the release of comets. CS IDPs,
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on the other hand, are thought to mainly originate from fragmentation in the asteroid belt.
Ishimoto and Mann (1998) modeled the IDP population between 1 AU and 5 AU from their
respective parent bodies including comets, asteroids, and Edgeworth Kuipter belt objects.
From just outside 1 AU to about 3 AU, the geometric cross section was dominated by IDPs
from asteroidal origins. However at 1 AU, IDPs from cometary origins dominated. This
is supported by stratospheric meteorite observations which found about 45% IDPs are CP,
about 37% are CS, and about 18% were mainly single mineral (Schramm et al., 1989). We
cannot extrapolate the model of Ishimoto and Mann (1998) to further inside 1 AU. However,
we know that sun-grazing comets deposit dust near the sun. Estimates show a production of
about 108 to 1011 kg of dust (Mann and Kimura, 2000). For IDPs larger than 10 microns, this
increases the number density distribution by an amount comparable to the typical influx of
IDPs. The fragmentation rate close to the sun is very high so these larger grains are expected
to fragment into submicron-sized grains. A model of dust dynamics near the sun showed
that CP silicates reach approximately 2 R before sublimation starts whereas CS silicates
reach approximately 3 R (Krivov et al., 1998). Furthermore, the study showed that CS
silicates below 0.5 microns have hyperbolic trajectories and are blown away from the sun due
to radiation pressure. CP silicates did not show this behavior and are capable of surviving
close to the sun. From these models, it seems probable that more submicron-sized CP IDPs
exist near the sun than submicron CS IDPs.

8.7

Summary

In this study, we simulated the interaction of solar wind ions and CS IDPs using SRIM
and the production and transport of C+ and O+ inner source PUIs using EPREM. We
compared the VDF of five different production mechanisms: solar wind recycling, neutralization, backscattering, sputtering, and SIR. The simulated C+ /O+ ratio was compared with
SOHO/CTOF observations (Taut et al., 2015).
Inner source PUI production from CS IDPs is completely dominated by sputtering. Due
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to the high number of grain atoms in these dense, compact grains, a few features arise. First,
sputtering is more likely to occur than SIR due to the lesser amount of implanted solar wind
ions than grain atoms. Second, saturation never occurs within the PR lifetime of IDPs, and
therefore recycled PUIs do not exist. Third, the amount of neutralized ions is negligible due
to only a small amount of ions being able to transmit through the dense grains.
Sputtering being the dominant mechanism produces an inner source PUI composition
that strictly resembles that of the grain. However this contradicts observations that showed
a solar wind-like composition (Schwadron and Gloeckler, 2007). Results from Quinn et al.
(2018b) showed that CP IDPs produce a solar wind-like composition that agrees better with
SOHO/CTOF observations. This leads to the possibility that the IDP population close to
the sun where inner source PUIs are produced is dominated by CP IDPs rather than CS
IDPs. Models of dust dynamics close to the sun support this idea.
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CHAPTER 9
Conclusions and Outlook

Observations of interstellar neutral atoms and PUIs are two ways of determining the parameters of gas in the LISM. To improve upon these methods, Quinn et al. (2016) modeled the
transport of interstellar PUIs to determine if transport plays a role in the differences seen
in the neutral and PUI observations. This was indeed the case. PUI observations derived
an inflow longitude that was consistenly later in Earth’s orbit due to the transport of PUIs.
This transport is typically ignored in PUI studies due to the assumption that the scattering
mean free path is small. Quinn et al. (2016) also derived the scattering mean free path that
was consistent with the neutral and PUI observations – finding it to be about 0.19 AU. Although this mean free path is relatively small, it is enough to alter observations. For studies
to continue using PUIs in the future, the transport of PUIs must be considered for accuracy.
Only a relatively small number of papers have been published on inner source PUIs
since their discovery. Two reasons for this include the lack of knowledge of IDPs and low
statistics for inner source PUI observations. Thus only a few production mechanisms have
been introduced. The recent SOHO/CTOF observations (Taut et al., 2015) provided higher
count rate statistics and opened the door for better comparison to models. Quinn et al.
(2018b) simulated the two most promising mechanisms, neutralization and recycling, along
with sputtering, and introduced two new mechanisms: backscattering and SIR. The study
did not find a mechanism that dominated over the others. But by comparing to observations,
the study discovered that inner source PUIs are injected into the solar wind with near zero
speed. This result is supported by observations of an anisotropic distribution of C+ at 1 AU
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(Drews et al., 2016). In Quinn et al. (2018b), we were only able to compare EPREM to the
normalized VDF of SOHO/CTOF due to not knowing the efficiency. The next step for inner
source PUI studies is to compare the flux of inner source PUIs with observations.
There is still much to learn about the IDP population throughout the heliosphere. How
are the morphological groups (i.e. chondritic porous (CP) and chondritic smooth (CS))
distributed in the heliosphere? What composition of grains survive as they spiral toward
the sun due to the PR effect? Does the composition change during this dust-dust collision
process? What is the lifetime of nano grains close to the sun? Many studies (Ishimoto and
Mann, 1998; Ishimoto, 2000; Kimura et al., 1997, 2002; Krivov et al., 1998; Mann et al.,
1994; Mann and Kimura, 2000; Mann et al., 2004; Mann and Czechowski, 2005; Mann et al.,
2007; Mukai and Mukai, 1973; Mukai et al., 1974; Mukai and Yamamoto, 1979; Mukai and
Schwehm, 1981) have made much progress answering these questions. However there is
a severe lack of observational evidence to support these models. The dust collector of the
upcoming Interstellar Mapping and Acceleration Probe (IMAP) mission will aid in answering
these questions.
We have shown that modeling inner source PUIs is a good method to learn more about
the IDP population. The composition of PUIs is highly dependent on the composition,
morphology, size distribution, and location of IDPs. With the addition of Quinn et al.
(2018a), we have introduced the idea that the IDP population close to the sun is dominated
by CP IDPs. From here, new questions arise. What is the size distribution of these CP
IDPs close to the sun? If we expect more nano-sized grains, then neutralization may play a
significant role in inner source PUI production. What are the dynamics of the dust very close
to the sun including a more accurate model of the IMF than in Mann and Kimura (2000)?
What is the source of CP IDPs? How stable is the CP IDP population close to the sun? In
order to move forward, collaboration between the dust community and PUI community is
needed.
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APPENDIX A
Appendix

A.1

IMF Frozen-in Condition Derivation

The magnetic flux, φ, through an arbitrary contour, C, co-moving with the solar wind plasma
is described as
Z
B · dS

φ=

(A.1)

S

where B is the magnetic field and S is an arbitrary surface spanning C. The magnetic field
changes temporally, thus
∂φ
=
∂t

Z
S

∂B
· dS.
∂t

(A.2)

The Maxwell-Faraday equation reduces this to
∂φ
=
∂t

Z
−∇ × E · dS

(A.3)

S

where E is the electric field. As the contour changes, the magnetic flux through an area on
the contour B · V × dl, where V is volume and dl is an element of the contour. Then,
∂φ
=
∂t

Z
B · V × dl
C

which can be rearranged as
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(A.4)

∂φ
=
∂t

Z
B × V · dl.

(A.5)

∇ × (B × V) · dS.

(A.6)

C

Using Stoke’s theorem,
∂φ
=
∂t

Z
S

Adding both terms together (i.e. Equation A.3 and A.6), we get
∂φ
=−
∂t

Z
∇ × (E + B × V) · dS.

(A.7)

S

Then we know that the condition E + B × V = 0 means that φ is constant. Therefore the
magnetic field must be “frozen in” to the solar wind.

A.2

Transport Equation Derivation

Consider a general distribution of gas within phase-space

d6 N = F (t, r, v) d3 v d3 r

(A.8)

where F is the distribution function and N is the number of particles, t is time, r is position,
and v is velocity. After a time dt, if there are no collisions, then the number of particles is

d6 N 0 = F (t, r0 , v0 ) d3 v 0 d3 r0

(A.9)

Here, the new position and velocities are given by

r0 = r + vdt
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(A.10)

and

v0 = v + adt

(A.11)

where a is the acceleration of the particles. This gives

d6 N 0 = F (t + dt, r + vdt, v + adt) d3 v 0 d3 r0 .

(A.12)

In this case |J| = 1, thus

d6 N 0 = F (t + dt, r + vdt, v + adt) d3 v d3 r.

(A.13)

Now allow the number of particles to change due to collisions as

d6 N 0 − d6 N = d6 Ncoll .

(A.14)

Since dt, d3 v, and d3 r and infinitesimally small, we can Taylor expand the distribution
functions around t, v, and r,
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d6 N 0 − d6 N = F (t + dt, r + vdt, v + adt) d3 v d3 r − F (t, r, v) d3 v d3 r
= [F (t + dt, r + vdt, v + adt) − F (t, r, v)] d3 v d3 r
= [F (t, r, v) + δt F (t, r, v) + δxi F (t, r, v)vxi
+ δvi F (t, r, v)ai − F (t, r, v)] d3 v d3 r dt
= [δt F (t, r, v) + δxi F (t, r, v)vxi
+ δvi F (t, r, v)ai ] d3 v d3 r dt
= d6 Ncoll .

The term in the brackets is

dF
.
dt

Let’s indtroduce

6

d Ncoll =

where

δF
δt coll



(A.15)



δF
δt



d3 v d3 r dt

(A.16)

coll

is the variation of the phase space distribution, F , due to collisions. Subbing

this into the previous equation,

[δt F (t, r, v) + δxi F (t, r, v)vxi + δvi F (t, r, v)ai ] d3 v d3 r dt


δF
=
d3 v d3 r dt
δt coll
 
δF
⇒ δt F (t, r, v) + δxi F (t, r, v)vxi + δvi F (t, r, v)ai =
.
δt coll

(A.17)

Calling F (t, r, v) simply F instead makes this neater.


δt F + δxi F vxi + δvi F ai =
96

δF
δt


(A.18)
coll

This is the Boltzmann equation. For the case of charged particles, we can determine their
acceleration based on Newton’s second law and the Lorentz force. The acceleration term is

a=

qE
q
+
v×B
m
mc

(A.19)

where q is the charge of the ion, m is the mass, E is the electric field, B is the magnetic
field, and c is the speed of light. Substituting this term into the Boltzmann equation gives
the Vlasov equation

  
q
δF
qE
+
v×B =
δt F + δxi F vxi + δvi F
.
m
mc
δt coll


A.3

(A.20)

New Pitch-angle Scattering Scheme in EPREM

The pitch-angle scattering term in the focused transport equation (Equation 3.1) is



∂f (t, µ)
∂t


scat

∂
=
∂µ



∂f (t, µ)
Dµµ
.
∂µ

(A.21)

When we consider isotropic scattering, the pitch-angle diffusion coefficient Dµµ is of the form
(Jokipii, 1966; Hasselmann and Wibberenz, 1970)

Dµµ =

1 − µ2
τ

(A.22)

where τ is the time scale of the pitch-angle diffusion coefficient Dµµ and µ is the pitch-angle
cosine. We expand the distribution function f (t, µ) into a series of Legendre polynomials
Pn (µ) and coefficients an (t) as
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f (t, µ) =

X

an (t)Pn (µ)

(A.23)

n

where n is the polynomial order. Inserting Equation A.22 and Equation A.23 into Equation
A.21 gives


X an (t)  ∂ 

2 ∂Pn (µ)
Pn (µ) =
1−µ
.
∂t
τ
∂µ
∂µ
n

X ∂an (t)
n

(A.24)

We see that the expression inside the curly brackets is the Legendre differential equation
with known eigenvalues of n(n + 1). This gives

X ∂an (t)
n

∂t

Pn (µ) =

X an (t)
τ

n

[n (n + 1)] Pn (µ).

(A.25)

This expression is true only if

∂an (t)
an (t)
=
[n (n + 1)]
∂t
τ

(A.26)

for all values of n. The solution to this equation is



n (n + 1)
an (t + ∆t) = an0 exp −
∆t
τ

(A.27)

where an0 and an (t + ∆t) are the coefficients before and after a time-step ∆t in EPREM,
respectively. To determine an0 , we use the orthogonality of the Legendre polynomials and
solve for the coefficient
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an0

2n + 1
=
2

Z

1

f0 (t, µ)Pn (µ)dµ

(A.28)

−1

where f0 (t, µ) is the distribution before the time-step is advanced. EPREM expresses pitchangle space as a series of bins. Therefore, we can expand f0 (t, µ) as

Nµ −1

f0 (t, µ) =

X

fi0 (t)bi (µ)

(A.29)

i=0

where fi0 (t) is the distribution of each pitch-angle bin i before the time-step is advanced,
bi (µ) is a box-step function, and the total number of bins is Nµ = 2/∆µ, where ∆µ is the
width of each linearly spaced pitch-angle bin. Due to the box-step function, Equation A.28
now integrates over each pitch-angle bin i, making the equation

an0

Nµ −1
2n + 1 X
fi0 (t)min
=
2
i=0

(A.30)

where min is defined as

Z

−1+2(i+1)/Nµ

min =

Pn (µ)dµ.

(A.31)

−1+2i/Nµ

The distribution function in each pitch-angle bin is updated after each time-step as

nmax
Nµ X
fi (t + ∆t) = fi0 (t) +
an (t)min
2 n

(A.32)

where nmax is the maximum polynomial order. We arbitrarily take nmax = 8 in this study.
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